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ABSTRACT
A m a th e m a t ic a l  model o f  t h e  a e ro th e rm o c h e m ic a l  en v iro n m e n t  a lo n g  
th e  s t a g n a t i o n  l i n e  o f  a  p l a n e t a r y  r e t u r n  s p a c e c r a f t  u s in g  an  a b l a t i v e  
th e rm a l  p r o t e c t i o n  sy s te m  was d e v e lo p e d  and  s o lv e d  f o r  c o n d i t i o n s  
t y p i c a l  o f  a tm o s p h e r ic  e n t r y  from  p l a n e t a r y  m i s s i o n s .  The m ode l,  
im p lem en ted  a s  a  F o r t r a n  IV com puter  p ro g ram , was d e s ig n e d  to  p r e d i c t  
v i s c o u s ,  r e a c t i v e  and r a d i a t i v e  c o u p le d  sh o ck  l a y e r  s t r u c t u r e  and  th e  
r e s u l t i n g  body h e a t i n g  r a t e s .  The a n a l y s i s  i n c l u d e s  f l o w - f i e l d  
c o u p l in g  w i th  t h e  a b l a t o r  s u r f a c e ,  b i n a r y  d i f f u s i o n ,  c o u p le d  l i n e  and 
con tinuum  r a d i a t i v e  and e q u i l i b r i u m  o r  f i n i t e - r a t e  c h e m is t r y  e f f e c t s .  
The g as  model u sed  i n c l u d e s  the rm odynam ic ,  t r a n s p o r t . ,  k i n e t i c  and 
r a d i a t i v e  p r o p e r t i e s  o f  a i r  and a b l a t i o n  p r o d u c t  s p e c i e s ,  i n c l u d i n g  
19 c h e m ic a l  s p e c i e s  and  16 c h e m ic a l  r e a c t i o n s .  S p e c i f i c a l l y ,  t h e  
im p a c t  o f  n o n - e q u i l i b r i u m  c h e m is t r y  e f f e c t s  upon s t a g n a t i o n  l i n e  sh a c k  
l a y e r  s t r u c t u r e  and body  h e a t i n g  r a t e s  was i n v e s t i g a t e d .
The m a th e m a t ic a l  model form s a  s e t  o f  t w e n t y - s i x  a l g e b r a i c ,  
d i f f e r e n t i a l  and i n t e g r o d i f f e r e n t i a l  n o n - l i n e a r  e q u a t i o n s  s u b j e c t  t o  
tw o - p o in t  b o u n d a ry  c o n d i t i o n s .  The n u m e r i c a l  s o l u t i o n  was c a r r i e d  
o u t  by d e c o u p l in g ,  l i n e a r i z i n g  and f i n i t e  d i f f e r e n c i n g  t h e  e q u a t i o n s  
i n  a  i t e r a t i v e ,  g l o b a l l y - i m p l i c i t  m anner .
The model was u s e d  t o  d e te rm in e  t h e  f i n i t e - r a t e  c h e m is t r y  and
c h e m i c a l - e q u l l i b r i u m  s t a g n a t i o n  l i n e  h e a t i n g  r a t e  o f  a  9 f o o t  e n t r y
v e h i c l e  p r o t e c t e d  by  a  p h e n o l i c - n y lo n  a b l a t o r  and moving a t  5 0 ,0 0 0
—8 3f e e t / s e c o n d  when t h e  f r e e - s t r e a r a  a i r  d e n s i t y  i s  8 .8 5  x  10 s l u g s / f t  
and th e  mass i n j e c t i o n  r a t e  e q u a l s  .0 5 .  The r e s u l t s  o b t a i n e d  p r e d i c t  
s i g n i f i c a n t l y  d i f f e r e n t  sh o c k  l a y e r  p r o p e r t i e s  f o r  t h e  f i n i t e - r a t e
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c a s e  and f o r  t h e  c h e m ic a l  e q u i l i b r i u m  c a s e .  The a b l a t i o n  p r o d u c t s  
e n t e r i n g  t h e  sh o c k  l a y e r  th ro u g h  t h e  body w a l l  r e a c t  much s lo w e r  th a n  
u n d e r  e q u i l i b r i u m  c o n d i t i o n s  and t h e  a i r  com ponents  e n t e r i n g  t h e  sh o ck  
l a y e r  th r o u g h  th e  sh o c k  a r e  n o t  d e - i o n t z e d ,  a s  p r e d i c t e d  by t h e  e q u i l i ­
b r iu m  a n a l y s i s ,  b u t  re m a in  " f r o z e n "  th r o u g h o u t  m ost o f  t h e  sh o c k  r e g i o n .  
The t o t a l  h e a t i n g  r a t e  t o  t h e  body was found  t o  b e  s i g n i f i c a n t l y  lo w e r  
u n d e r  n o n - e q u i l i b r i u m  th a n  u n d e r  e q u i l i b r i u m  c h e m is t r y  c o n d i t i o n s .  T h is  
d i f f e r e n c e  was a t t r i b u t e d  t o  lo w er  c o n c e n t r a t i o n s  o f  o p t i c a l l y  a c t i v e  
s p e c i e s ,  su c h  a s  N and 0 ,  o v e r  m ost o f  t h e  sh o c k  l a y e r  i n  t h e  n o n - e q u i l i ­
b r iu m  c h e m is t r y  c a s e .
On t h e  b a s i s  o f  t h i s  r e s e a r c h  i t  was c o n c lu d e d  t h a t  a  f i n i t e -  
r a t e  s t a g n a t i o n - l i n e  s h o c k  l a y e r  s o l u t i o n  w h ich  c o n t a i n s  a  r e a s o n a b l e  
k i n e t i c s  model t o  d e s c r i b e  a tm o s p h e r ic  e n t r i e s  p r o t e c t e d  by p h e n o l i c -  
n y lo n  a b l a t o r s  was s u c c e s s f u l l y  d e v e lo p e d .  I t  was a l s o  c o n c lu d e d  t h a t ,  
f o r  th e  f l i g h t  c o n d i t i o n s  c o n s i d e r e d ,  f i n i t e - r a t e  c h e m is t ry  e f f e c t s  a r e  
s i g n i f i c a n t  s i n c e  b o th  sh o ck  l a y e r  s t r u c t u r e  and body h e a t i n g  r a t e s  a r e  
m ark ed ly  d i f f e r e n t  from  th o s e  p r e d i c t e d  by  c h e m ic a l  e q u i l i b r i u m  a n a l y s e s .  
I t  was recommended t h a t  a d d i t i o n a l  s t u d i e s  b e  c a r r i e d  o u t  on : 1 . )  im­
p r o v in g  th e  c o m p u ta t io n a l  sp e e d  o f  t h e  s o l u t i o n ;  2 . )  f i n i t e - r a t e  chem is­
t r y  e f f e c t s  u n d e r  f l i g h t  c o n d i t i o n s  d i f f e r e n t  from  th o s e  c o n s id e r e d  i n  
t h i s  w ork; 3 . )  t h e  e f f e c t  o f  assum ing  more r e a l i s t i c  sh o ck  and  w a l l  
b o u n d ary  c o n d i t i o n s ;  and  4 . )  d e t e r m in i n g  s o l u t i o n s  f o r  c o u p le d  n on ­
e q u i l i b r i u m  a b l a t o r  r e s p o n s e  and sh o c k  l a y e r s .  The c o m p u ta t i o n a l  sp e e d  
o f  t h e  s o l u t i o n  s h o u ld  b e  im proved  so  t h a t  SLAC i s  d e v e lo p e d  from  a  
r e s e a r c h  p ro g ra m  t o  an  e f f e c t i v e  e n g i n e e r i n g  t o o l .  S tu d i e s  o f  f i n i t e -  
r a t e  c h e m is t ry  e f f e c t s  u n d e r  f l i g h t  c o n d i t i o n s  d i f f e r e n t  from  th o s e
c o n s id e r e d  h e r e  s h o u ld  b e  c a r r i e d  o u t  t o  d e te rm in e  t h e  ra n g e  o f
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c o n d i t i o n s  o v e r  w h ich  s o l u t i o n s  may b e  o b t a i n e d  u s in g  th e  im plem en ted  
m odel,  and  t h e  ra n g e  o f  c o n d i t i o n s  o v e r  w h ich  n o n - e q u i l i b r i u m  c h e m is t ry  
e f f e c t s  a r e  s i g n i f i c a n t  and how th e y  a f f e c t  t h e  body h e a t i n g  r a t e s .
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The b o u n d a ry  c o n d i t i o n s  s t u d i e s  s h o u ld  i n v e s t i g a t e  t h e  p o s s i b l e  n o n -  
e q u i l i b r i u m  c o m p o s i t io n  o f  a i r ,  i n c l u d i n g  d e t a i l e d  s t u d i e s  o f  t h e  
p e r t i n e n t  k i n e t i c s  a t  t h e  s h o c k ,  ( i n  t h e  p r e s e n t  work th e  c h e m ic a l  
e q u i l i b r i u m  c o m p o s i t io n  was u s e d ) , and t h e  u se  o f  b o u ndary  c o n d i t i o n s  o f  
t h e  t h i r d  k in d  a t  t h e  w a l l .  Coupled s o l u t i o n s  f o r  b o th  n o n - e q u i l i b r i u m  
a b l a t o r  b e h a v i o r  and  sh o ck  l a y e r s  s h o u ld  b e  d e te rm in e d  to  o b t a i n  a  
c o m p le te  s o l u t i o n  to  t h e  q u a s i - s t e a d y  e n t r y  p rob lem .
CHAPTER 1
INTRODUCTION
THE NATURE OF THE REENTRY PROBLEM
The l a u n c h in g  o f  a  s u b o r b i t a l ,  o r b i t a l  o r  s u p e r o r b i t a l  f l i g h t  r e ­
q u i r e s  t h a t  some means o f  p r o p u l s i o n  b e  u t i l i z e d  to  p r o p e l  th e  s p a c e ­
c r a f t  a g a i n s t  t h e  f o r c e  o f  g r a v i t y .  I n  p r a c t i c e ,  a  c h e m i c a l l y - f u e l e d  
r o c k e t  e n g in e  i s  u s e d .  The i n c r e a s e  i n  t h e  sp eed  o f  t h e  s p a c e c r a f t  
r e s u l t s  i n  an  i n c r e a s e  i n  i t s  k i n e t i c  en e rg y  w h i l e  i t s  m o t io n  th ro u g h  
th e  g r a v i t a t i o n a l  f o r c e  f i e l d  r e s u l t s  i n  a n  i n c r e a s e  i n  i t s  p o t e n t i a l  
e n e r g y .  T h is  k i n e t i c  and p o t e n t i a l  e n e rg y  would b e  c o n v e r t e d  i n t o  t h e  
same amount o f  k i n e t i c  e n e rg y  i f  t h e  s p a c e c r a f t  w ere  a l lo w e d  to  f a l l  
f r e e l y  tow ards  t h e  E a r th  and t h e r e  was no a tm o s p h e re .  T h is  would r e s u l t  
i n  f a n t a s t i c  l a n d i n g  sp e e d s  and t h e  d e s t r u c t i o n  o f  t h e  s p a c e c r a f t  upon 
i t s  c o l l i s i o n  w i th  th e  s u r f a c e  o f  t h e  E a r t h .  O b v io u s ly ,  a d d i t i o n a l  p r o ­
p u l s i v e  power w ould  have  t o  b e  u sed  i n  a d i r e c t i o n  o p p o s i t e  to  t h e  f o r c e  
o f  g r a v i t y  i n  o r d e r  to  d e c c e l e r a t e  t h e  s p a c e c r a f t  u n t i l  r e a s o n a b l e  l a n d ­
in g  s p e e d s  a r e  o b t a i n e d .  T h is  need f o r  a d d i t i o n a l  p r o p u l s i v e  power r e ­
s u l t s  i n  a  d e c r e a s e  o f  t h e  p a y lo a d  s i n c e  some o f  t h e  w e ig h t  o f  th e  
s p a c e c r a f t  h a s  t o  be  u sed  f o r  t h e  p r o p u l s i o n  h a rd w a re .  N .A .S .A .* s  Moon 
l a n d i n g s  a r e  a c c o m p lish e d  p r e c i s e l y  i n  t h i s  m anner,
D e c c e l e r a t i o n  o f  e n t r y  v e h i c l e s  can  b e  a c c o m p lish e d  b y :  1) u s e  o f
p r o p u l s i v e  power a g a i n s t  t h e  p u l l  o f  g r a v i t y ,  and 2) u se  o f  ae rodynam ic  
d r a g .  L and ing  o f  s p a c e c r a f t s  on c e l e s t i a l  b o d ie s  l a c k i n g  an  a tm o sp h e re
p r e c l u d e s  th e  u s e  o f  t h e  seco n d  t e c h n iq u e .  Aerodynamic b r a k in g  r e q u i r e s  
t r a n s f e r  o f  t h e  b o d y 's  k i n e t i c  and p o t e n t i a l  e n e rg y  t o  th e  a tm o s p h e re  
and  r e s u l t s  i n  t h e  h e a t i n g  o f  t h e  a i r  i n  t h e  v i c i n i t y  o f  th e  b o d y . P a r t  
o f  t h e  e n e rg y  g a in e d  by t h e  a i r  i s  th e n  t r a n s f e r r e d  to  th e  body b y  con­
v e c t i o n  and r a d i a t i o n  c r e a t i n g  a  need  f o r  th e rm a l  p r o t e c t i o n  o f  t h e  
s p a c e c r a f t .  Both  th e  p r o p u l s i v e  and aerodynam ic  d r a g  b r a k in g  t e c h n iq u e s  
r e q u i r e  a  r e d u c t i o n  o f  t h e  p a y lo a d  s i n c e  i n  t h e  fo rm e r  th e  p r o p u l s i o n  
h a rd w a re  and i n  t h e  l a t t e r  th e  h e a t  s h i e l d  m ust b e  a  p a r t  o f  th e  s p a c e ­
c r a f t .  The optimum te c h n iq u e  t o  b e  u s e d  v a r i e s  w i th  m is s io n  c h a r a c t e r ­
i s t i c s  and s h o u ld  be  c h o s e n  a c c o r d in g  to  a  number o f  f a c t o r s ,  s u c h  a s  th e  
l e v e l  o f  h e a t  s h i e l d i n g  te c h n o lo g y  and p a y lo a d .  L e s s  p ay lo ad  p e n a l t y  
i s  s u f f e r e d  b y  u s i n g  ae rodynam ic  b r a k in g  th a n  p r o p u l s i v e  b r a k in g  f o r  
b r a k in g  from  h y p e r b o l i c  a p p ro a c h  v e l o c i t i e s  to  o r b i t a l  v e l o c i t i e s  a t  
M ars (R e f .  1 . 1 ) .
DESCRIPTION OF THE FLOW-FIELD IN THE VICINITY OF THE BODY
Of p r im a ry  im p o r ta n c e ,  i n  e s t a b l i s h i n g  e n t r y  h e a t i n g  l e v e l s ,  i s  
t h e  m a g n itu d e  o f  th e  sp eed s  t h a t  w i l l  b e  e n c o u n te r e d .  The r a n g e  o f  E a r th  
e n t r y  s p e e d s  a s s o c i a t e d  w i th  s e v e r a l  m i s s io n  o b j e c t i v e s  i s  g iv e n  i n  
F ig u r e  1 .1  (R e f .  1 . 2 ) .  The u s e  o f  t h e  g r a v i t a t i o n a l  f i e l d  o f  Venus to  
a l t e r  t h e  i n t e r p l a n e t a r y  t r a j e c t o r i e s  b e tw ee n  Mars and E a r th  (Venus 
sw ingby) i s  shown to  r e s u l t  i n  s i g n i f i c a n t l y  r e d u c e d  E a r th  e n t r y  s p e e d s  
when compared to  d i r e c t  t r a j e c t o r i e s .  Of p a r t i c u l a r  i n t e r e s t  a r e  e n t r y  
s p e e d s  o f  a b o u t  50 ,000  fp s  ( a b o u t  15 k m /se c )  s i n c e  t h e  c a p a b i l i t y  o f  
e n t e r i n g  a t  t h e s e  s p e e d s  w i l l  p e r m i t  a  w id e  v a r i e t y  o f  t r i p s  t o  M ars ,  
Venus and t h e  a s t e r o i d s .
A b l u n t  body  o f  t h e  ty p e  u sed  by  NASA i n  i t s  manned s p a c e c r a f t  
p rogram  ( F ig u r e  1 .2 )  would show, u n d e r  c o n d i t i o n s  p r e v a l e n t  d u r in g  
a tm o s p h e r ic  e n t r y  a t  s p e e d s  o f  a p p r o x im a te ly  5 0 ,0 0 0  f p s ,  a  s t a n d i n g  bow
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Figure 1.2 Flow-Field in the Vic in i ty  of  a  Blunt Body
s h o c k  due to  t h e  d e c c e l e r a t i o n  o f  t h e  a i r  i n  t h e  v i c i n i t y  o f  t h e  b o d y .
The b l u n t  body o f  F ig u r e  1 . 2  i s  a x i sy m m e tr ic  and i s  shown f l y i n g  a t  a  
z e r o  a n g le  o f  a t t a c k  ( i t s  a x i s  o f  symmetry c o i n c i d e s  w i th  t h e  t r a n s l a ­
t i o n a l  v e c t o r ) ,  t h i s  means t h a t  t h e  sh o ck  and th e  f lo w  f i e l d  be tw een  
t h e  shock  and t h e  body  a r e  a x i s y m m e t r i c .  The r e g i o n  o f  t h e  f lo w  f i e l d  
b e tw ee n  th e  shock  and th e  s u r f a c e  o f  t h e  body may b e  d iv i d e d  i n t o  th e  
s t a g n a t i o n  l i n e ,  s o - c a l l e d  b e c a u s e  t h e  v e l o c i t y  i s  z e ro  somewhere a lo n g  
t h i s  l i n e ,  and t h e  a r o u n d - th e - b o d y  r e g i o n .  When th e  body w a l l  i s  im­
p e rm e a b le ,  t h e  s t a g n a t i o n  p o i n t  i s  a t  t h e  w a l l  w here  b o th  t h e  no rm al and 
t a n g e n t i a l  com ponents  o f  v e l o c i t y  a r e  z e r o .
I t  i s  im p o r t a n t  to  n o t e ,  t h a t  even  though  v i s c o u s  e f f e c t s  a r e  i n  
p a r t  r e s p o n s i b l e  f o r  t h e  g e n e r a t i o n  o f  t h e  h ig h  t e m p e r a t u r e s  p r e s e n t ,  
t h e y  a r e  n o t  s o l e l y  r e s p o n s i b l e  s i n c e  ev en  f o r  i n v i s c i d  f l u i d s  t h e r e  
w ould  be  a  d e c c e l e r a t i o n  o f  t h e  f l u i d  a t  t h e  s t a g n a t i o n  l i n e .  Thus t h e  
d i f f e r e n c e  b e tw ee n  v i s c o u s  and i n v i s c i d  f lo w  f i e l d s  would n o t  b e  b a s i c  
i n  n a t u r e .
THERMAL PROTECTION SYSTEMS
The t a s k  o f  p r o t e c t i n g  th e  v e h i c l e  from  t h e  h e a t  g e n e r a t e d  d u r in g  
a tm o s p h e r ic  e n t r y  may b e  a c c o m p l i sh e d  i n  a  number o f  w ays: u s e  o f  h e a t  
s i n k s ,  t r a n s p i r a t i o n  c o o l i n g ,  r a d i a t i o n  c o o l i n g ,  a b l a t i v e  c o o l i n g ,  e t c .  
The u s e  o f  a  h e a t  s i n k  a s  a  th e rm a l  p r o t e c t i o n  sy s te m  i s  v e r y  l i m i t e d  by 
t h e  l a c k  o f  s u i t a b l e  m a t e r i a l s  w i th  h ig h  h e a t  c a p a c i t y  and low th e rm a l  
c o n d u c t i v i t y .  T r a n s p i r a t i o n  c o o l i n g  in v o l v e s  t h e  i n j e c t i o n  o f  a  c o o l  
f l u i d  i n t o  t h e  sh o ck  l a y e r  so  t h a t  i t  a b s o r b e s  h e a t  and i n s u l a t e s  th e  
v e h i c l e  from  th e  h ig h  t e m p e r a t u r e s .  R a d i a t i o n  c o o l i n g  in v o l v e s  t h e  u s e  
o f  a  h i g h l y  r e f l e c t i v e  s t r u c t u r e  i n  o r d e r  t o  b lo c k  th e  t r a n s f e r  o f  r a ­
d i a t i v e  h e a t  i n t o  t h e  b o d y .  A b l a t i v e  h e a t  s h i e l d s  o p e r a t e  w i th  m a t e r i a l s  
t h a t  undergo  e n d b th e rm ic  p h y s i c a l  and c h e m ic a l  c h a n g e s .
Of a l l  t h e  m ethods o f  th e rm a l  p r o t e c t i o n ,  a b l a t i v e  c o o l in g  h a s
b e e n  t h e  m ost s u c c e s s f u l .  This  ty p e  o f  th e rm a l  p r o t e c t i o n  sy s tem  may
b e  e i t h e r  a  n o n - c h a r r i n g  o r  a  c h a r r i n g  a b l a t o r .  The fo rm er  ty p e  o f  a b -a
l a t o r  i s  one t h a t  c h an g e s  from  a  s o l i d  to  a  g a s e o u s  s t a t e  and  e n t e r s  t h e  
shock  l a y e r  c o u n t e r  t o  t h e  h e a t  f lo w ;  t y p i c a l  o f  t h e s e  m a t e r i a l s  i s  Tef­
l o n .  C h a r r in g  a b l a t o r s ,  on  th e  o t h e r  h a n d ,  decom pose to  a  p o ro u s  c h a r  
and r e l a t i v e l y  low m o l e c u l a r  w e ig h t  g a s e s .  The l a t t e r  ty p e  a b l a t o r  h a s  
e n jo y e d  w id e s p re a d  u s e  i n  t h e  s p a c e  p ro g ram .
The p r i n c i p a l  th e rm a l  p r o t e c t i o n  m echanism s i n  a  c h a r r i n g  a b l a t o r  
a r e  shown i n  F ig u r e  1 . 3 .  B lo ck ag e  o c c u r s  when th e  p y r o l i s i s  g a s e s  a r e  
i n j e c t e d  i n t o  t h e  sh o ck  l a y e r  and p r e v e n t  m ost o f  t h e  c o n v e c t iv e  h e a t  
f l u x  from  r e a c h i n g  t h e  body  s u r f a c e .  The a b l a t i o n  p r o d u c t s  i n  t h e  sh o ck  
l a y e r  a b s o r b  p a r t  o f  t h e  r a d i a t i v e  f l u x  from  t h e  sh o c k  and a l s o  r e a c t  
e n d o t h e r m i c a l l y . Char r e - r a d i a t i o n  s t o p s  p a r t  o f  t h e  r a d i a t i v e  f l u x  to  
t h e  body w h i l e ,  i f  t h e  t e m p e r a tu r e  i s  h ig h  enough , s u b l i m a t i o n  o f  t h e  
c h a r  a b s o r b s  p a r t  o f  t h e  incom ing  e n e r g y .  The f u r t h e r  " c r a c k i n g "  o f  
p y r o l i s i s  g a s e s  and t h e  p r o c e s s  o f  h e a t i n g  t h o s e  g a s e s  from  t h e  te m p er­
a t u r e  a t  t h e  d e c o m p o s i t io n  zone  to  t h e  sh o c k  l a y e r  t e m p e r a t u r e  and t h e i r  
s u b s e q u e n t  i n j e c t i o n  i n t o  t h e  sh o ck  l a y e r  c o n s t i t u t e  a d d i t i o n a l  p r o t e c ­
t i o n  m echan ism s. The d e c o m p o s i t io n  p r o c e s s  i n  t h e  p y r o l i s i s  zone  w hich  
i n i t i a l l y  p ro d u c e s  t h e  p y r o l i s i s  g a s  a l s o  a b s o r b s  h e a t .  F i n a l l y ,  any  
h e a t  n o t  a b s o rb e d  e l s e w h e r e  may b e  s t o r e d  i n  t h e  v i r g i n  m a t e r i a l  i n  
w hich  c a s e  t h e  p r o c e s s  a c t s  a s  a s im p le  h e a t  s i n k .
THE HEED FOR A BETTER UNDERSTANDING OF THE AERODYNAMIC BRAKING PROCESS
R e s u l t s  from  a  s tu d y  o f  t h e  p o s s i b l e  e f f e c t s  o f  u n c e r t a i n t i e s  i n  
a n a l y s e s  upon  h e a t  s h i e l d  w e ig h t  a r e  g iv e n  i n  F i g .  1 .4  (R e f .  1 . 2 ) .  The 
f a c t o r s  c o n s id e r e d  w e re  u n c e r t a i n t i e s  i n :  a i r  a b s o r p t i o n  c o e f f i c i e n t s ,
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9b o u n d a ry  l a y e r  t r a n s i t i o n ,  t r a n s p i r a t i o n  e f f e c t i v e n e s s ,  s u r f a c e  e m i s s i -  
v i t y ,  c h a r  s u b l i m a t i o n ,  and  p y r o l i s i s  g a s  e n t h a l p y .  The e n t r y  speed  
c o n s i d e r e d  i s  5 0 ,0 0 0  f p s  and t h e  w e ig h t s  a r e  n o rm a l iz e d  to  t h o s e  f o r  t h e  
n o m in a l  c o n d i t i o n s  a s  shown a t  th e  t o p .  R e s u l t s  f o r  eac h  p e r t u r b a t i o n  
a r e  s t a t e d .  I t  s h o u ld  b e  n o te d  t h a t  t h e  o n ly  p e r t u r b a t i o n  c a u s in g  a  d e ­
c r e a s e  i n  h e a t  s h i e l d  w e ig h t  i s  t h e  s u r f a c e  e m i s s i v i t y .  S in c e  th e  e f ­
f e c t  o f  some o f  t h e  u n c e r t a i n t i e s  can  b e  a d d i t i v e  i t  i s  e v i d e n t  t h a t  a 
w e ig h t  i n c r e a s e  o f  50 p e r c e n t  o r  more i s  p o s s i b l e .  F o r  t h e  r a n g e  o f  
e n t r y  s p e e d s  o f  i n t e r e s t  i n  t h i s  s tu d y  th e  h e a t  s h i e l d  i s  e s t i m a t e d  to  
r e p r e s e n t  b e tw e e n  10 and 20 p e r c e n t  o f  t h e  e n t r y - v e h i c l e  w e ig h t .  Due to  
t h e  u n c e r t a i n t i e s  m e n tio n ed  above  t h i s  v a l u e  c a n  r e p r e s e n t  a s  h ig h  a s  
15 to  30 p e r c e n t  o f  t h e  e n t r y  v e h i c l e  w e ig h t  w i th  a  c o r r e s p o n d in g  r e d u c ­
t i o n  i n  t h e  p a y lo a d  r e t u r n a b l e  t o  E a r t h .  Such an  e f f e c t  i s  c l e a r l y  n o t  
n e g l i g i b l e .
One o b v io u s  way o f  r e d u c in g  t h e s e  u n c e r t a i n t i e s  i s  by  e x p e r i m e n t a l  
v e r i f i c a t i o n  o f  th e  th e rm a l  en v iro n m e n t  a b o u t  t h e  s p a c e c r a f t .  Such a 
v e r i f i c a t i o n  r e q u i r e s  d u p l i c a t i o n  o f  a  number o f  p a r a m e te r s  l i k e :  f l i g h t
v e l o c i t y ,  f r e e - s t r e a m  d e n s i t y ,  e n t h a lp y  and f lo w  e n e rg y ,  e t c .  U n f o r t ­
u n a t e l y ,  t h e  p r e s e n t l y  e x i s t i n g  g ro u n d  t e s t i n g  f a c i l i t i e s  a r e  n o t  c a p ­
a b l e  o f  s im u l t a n e o u s  d u p l i c a t i o n  o f  a l l  t h e  im p o r ta n t  p a r a m e te r s  ( R e f s .  
1 . 2 ,  1 . 4 ) .  The a l t e r n a t i v e s  t o  g round  t e s t i n g  a r e :  t e s t i n g  u n d e r  a c t ­
u a l  f l i g h t  c o n d i t i o n s  o r  d e v e lo p in g  a c c u r a t e  m a th e m a t ic a l  m ode ls  to  de­
s c r i b e  t h e  a e ro d y n a m ic  b r a k i n g  p r o c e s s .  B ecause  o f  t h e  v e r y  h ig h  c o s t s  
i n v o lv e d  i n  f l i g h t  t e s t i n g ,  t h e  im p o r ta n c e  o f  im pro v in g  e x i s t i n g  a n a l y ­
t i c  m ode ls  i s  e v i d e n t .
The p y r o l i s i s  g a s  e n t h a lp y  u n c e r t a i n t y ,  b e in g  th e  l a r g e s t  h a s  
s i n c e  b e in g  s t u d i e d  (R e f .  1 . 4 ) ,  F o r e n t r y  s p e e d s  g r e a t e r  th a n  50 ,000
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f p s ,  t h e  e f f e c t  o f  t h e  r a d i a t i o n  h e a t  t r a n s f e r  u n c e r t a i n t y  sh o u ld  b e ­
come i n c r e a s i n g l y  im p o r ta n t  s i n c e  a t  t h e s e  h i g h e r  sp e e d s  t h e  r a t i o  o f  
h e a t  t r a n s f e r  by r a d i a t i o n  to  h e a t  t r a n s f e r  b y  c o n v e c t io n  i n c r e a s e s .  A 
r e c e n t  s tu d y  by E ngel (R e f .  1 . 5 )  r e s u l t e d  i n  d ev e lo p m en t  o f  a model t h a t  
i n c l u d e s  l i n e  and  con tinuum  r a d i a t i o n  and e q u i l i b r i u m  c h e m is t r y  w i th  no 
d i f f u s i o n .  Each (R e f .  1 .6 )  u sed  th e  same r a d i a t i o n  model u sed  by E ngel 
and o b ta in e d  s o l u t i o n s  f o r  b i n a r y  and m u lt ic o m p o n e n t  d i f f u s i o n  o f  gas  
m ix tu r e s  in  c h e m ic a l  e q u i l i b r i u m
R a d i a t i v e  p r o p e r t i e s  a r e  d e p e n d e n t ,  among o t h e r  t h i n g s ,  upon chem­
i c a l  c o m p o s i t io n .  F o r  t h i s  r e a s o n  i t  i s  im p o r t a n t  to  u se  t h e  c o r r e c t  
c h e m ic a l  model when com puting  h e a t i n g  r a t e s .  The c h e m ic a l  e q u i l i b r i u m  
a s s u m p t io n  g r e a t l y  s i m p l i f i e s  t h e  p roblem  s i n c e  i t  e l i m i n a t e s  t h e  need 
f o r  c o n s i d e r a t i o n  o f  c h e m ic a l  k i n e t i c s .  When c o n d i t i o n s  i n  t h e  f lo w -  
f i e l d  a r e  such  t h a t  th e  a c t u a l  ch em ica l  c o m p o s i t io n  i s  c l o s e  t o  t h e  
c h e m ic a l  e q u i l i b r i u m  c o m p o s i t io n ,  th e n  t h e  u s e  o f  an  e q u i l i b r i u m  model 
i s  v a l i d .  T h is  g e n e r a l l y  o c c u r s  when t h e  p r e s s u r e  and t e m p e r a tu r e  a r e  
h i g h .  On th e  o t h e r  hand f o r  low  p r e s s u r e s  and  t e m p e r a t u r e s  th e  d i f f e r ­
en ce  b e tw ee n  th e  a c t u a l  and e q u i l i b r i u m  c o m p o s i t io n s  may b e  l a r g e  and 
a  f i n i t e - r a t e  c h e m is t r y  m odel m ust be  u s e d .
STATEMENT OF OBJECTIVES
T h is  s tu d y  was u n d e r t a k e n  i n  an  e f f o r t  t o  r e d u c e  u n c e r t a i n t i e s  i n  
r e e n t r y  h e a t i n g  r e s u l t i n g  f ro m  n o n - e q u i l i b r i u m  c h e m is t r y  e f f e c t s .  The 
s t a t e - o f - t h e  a r t  upon w hich  im provem ents  w i l l  b e  made i s  g iv e n  i n  R e f s .
1 .5  and 1 . 6 .  S p e c i f i c a l l y ,  t h e  c u r r e n t  r e s e a r c h  w i l l  t r y  t o  f u l f i l l  
t h e  f o l l o w i n g  o b j e c t i v e s :
1 .  D evelop  and s o l v e  a  m a th e m a t ic a l  m odel o f  t h e  f l o w - f i e l d  a lo n g  
t h e  s t a g n a t i o n - l i n e  o f  t h e  shock  l a y e r .  The model s h a l l
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i n c l u d e  t h e  e f f e c t s  o f  l i n e  and  c o n t in u u m  r a d i a t i o n ,  the rm ody­
namic and t r a n s p o r t  p r o p e r t i e s  o f  a i r  and  a b l a t i o n  p r o d u c t s ,  
b i n a r y  d i f f u s i o n ,  and f i n i t e - r a t e  c h e m is t r y .
2 .  D e te rm in e  w h e th e r  f i n i t e - r a t e  c h e m is t r y  e f f e c t s  s i g n i f i c a n t l y  
ch an g e  th e  h e a t i n g  r a t e  from  t h e  one o b t a i n e d  by assum ing  th e  
f low  i s  i n  c h e m ic a l  e q u i l i b r i u m .
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CHAPTER 2
DEVELOPMENT OF THE FLOW-FIELD EQUATIONS
The m a th e m a t ic a l  m odel w h ich  d e s c r i b e s  t h e  f l o w - f i e l d  a t  t h e  s t a g ­
n a t i o n  l i n e  i s  d e v e lo p e d  i n  t h i s  c h a p t e r .  The c o n s e r v a t i o n  e q u a t i o n s  f o r - 
t h e  f l o w - f i e l d  b e tw ee n  th e  body and th e  shock  w i t h  t h e  a p p r o p r i a t e  w a l l  
and  shock  b o u n d a ry  c o n d i t i o n s  a r e  d e v e lo p e d .  From t h e s e  e q u a t i o n s ,  t h e  
s t a g n a t i o n  l i n e  c o n s e r v a t i o n  e q u a t io n s  and b o u n d a ry  c o n d i t i o n s  a r e  
d e r i v e d .
CONSERVATION EQUATIONS OF THE SHOCK LAYER
The m a th e m a t ic a l  m odel o f  t h e  f l o w f i e l d  from  th e  body s u r f a c e  to  
t h e  shock  i s  o b t a in e d  from  th e  la w s  o f  c o n s e r v a t i o n  o f  m ass ,  momentum 
and en e rg y  and a l s o  from t h e  f o r m u l a t i o n  o f  a g as  m o d e l.  The g as  mod­
e l  u sed  w i l l  b e  d i s c u s s e d  i n  t h e  l a t t e r  p a r t  o f  t h i s  c h a p t e r  a s  w e l l  a s  
i n  C h a p te r  3 .  The co m p le te  body o r i e n t e d  c o n s e r v a t i o n  e q u a t i o n s  f o r  a  
m u l t ic o m p o n e n t ,  v i s c o u s ,  r a d i a t i n g ,  c h e m ic a l ly  r e a c t i n g  f l u i d  a t  s te a d y  
s t a t e  w ere d e v e lo p e d  by E n g e l  (R e f .  2 . 1 ) .  The body o r i e n t e d  c o o r d i n a t e  
sy s tem  and s h o c k  l a y e r  g e o m e t r i c a l  r e l a t i o n s  p e r t i n e n t  to  t h e s e  c o n s e r ­
v a t i o n  e q u a t i o n s  a r e  g iv e n  i n  F ig u r e  2 . 1 .
However, t h e s e  e q u a t i o n s  a r e  f a r  to o  com plex to  a l lo w  s o l u t i o n  
w i t h  p r e s e n t l y  a v a i l a b l e  t e c h n i q u e s .  F o r t u n a t e l y ,  i t  h a s  b e e n  found 
t h a t ,  i n  g e n e r a l ,  s o l u t i o n  o f  t h e  c o m p le te  c o n s e r v a t i o n  e q u a t i o n s  i s  
n o t  n e c e s s a r y  s i n c e  some o f  t h e  te rm s  i n  t h e  e q u a t i o n s  do n o t  s i g n i f i ­
c a n t l y  c o n t r i b u t e  to  th e  s o l u t i o n  and may t h e r e f o r e  b e  n e g l e c t e d .  Of
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c o u r s e ,  w hich  te rm s ,  i f  a n y ,  a r e  n e g l i g i b l e  v a r i e s  w i th  f low  c o n d i t i o n s  
and m ust b e  d e te rm in e d  i n  each  p a r t i c u l a r  c a s e .  I t  w i l l  be  shown below  
t h a t ,  f o r  t h e  f l i g h t  c o n d i t i o n s  o f  i n t e r e s t ,  t h e  shock  l a y e r  i s  l a m i n a r ,  
t h i n  i s  a c o n t in u m  and- t h e s e  f a c t s  can  be  u se d  to  o b t a i n  t h e  o r d e r  o f  
m a g n itu d e  o f  t h e  te rm s  i n  t h e  c o n s e r v a t i o n  e q u a t i o n .
A c c o rd in g  to  t h e  r e s u l t s  o f  H ayes and P r o b s t e i n  (R e f .  2 .2 )  t h e  gas 
b e h in d  a  bow sh o ck  o f  a h y p e r v e l o c i t y  v e h i c l e  i s  a  conH nuum  when t h e  
f r e e - s t r e a m  R eyno lds  number (Re) s a t i s f i e s  t h e  r e l a t i o n
p * u * R*
R = — ------------------ > 100 ( 2 . 1)
0 6 ,o
F u r t h e r ,  f o r  f r e e - s t r e a m  R eyno lds  numbers g r e a t e r  th a n  1 00 ,  t h e  s t a n d o f f  
d i s t a n c e  d i v i d e d  by body r a d i u s  ( 6*/R*) h a s  b e en .sh o w n  to  b e  a p p ro x im a t­
e l y  e q u a l  t o  t h e  r a t i o  o f  t h e  p r e - s h o c k  d e n s i t y  (p * )  to  t h e  p o s t - s h o c k  
d e n s i t y  (p*) (R e f .  2 . 2 ) .
4 1  -  fcsu a ~ ( 2 .2 )
6R* p_* p
F i n a l l y ,  f o r  h y p e r s o n ic  Mach num bers  th e  d e n s i t y  r a t i o  a c r o s s  t h e  shock  
(p )  i s  o f  th e  o r d e r  o f  one  t e n t h  and l e s s  f o r  d i s s o c i a t i n g  g a s e s .
p < .10 ( 2 .3 )
An e s t i m a t e  o f  t h e  d im e n s io n le s s  s t a n d o f f  d i s t a n c e  can  b e  o b ta in e d  from 
E q s .  2 . 1  and  2 . 2 .
< .1 0  ( 2 .4 )
R*
In  t h i s  c h a p t e r  a  s u p e r s c r i p t  * w i l l  d e n o te  d im e n s io n a l  v a r i a b l e s  
u n l e s s  i t  i s  e x p l i c i t l y  s t a t e d  o t h e r w i s e .
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S in c e  th e  d im e n s io n le s s  d i s t a n c e  i n  a  d i r e c t i o n  p a r a l l e l  t o  t h e  body 
(X*/R*) i s  o f  o r d e r  1 and g r e a t e r  w h i l e  t h e  d im e n s io n l e s s  d i s t a n c e  i n  a  
d i r e c t i o n  n o rm a l  to  t h e  body i s  o f  o r d e r  ^  and l e s s ,  t h i s  means t h a t  th e  
sh o ck  l a y e r  i s  t h i n .
I n  o r d e r  to  d e te rm in e  t h e  o r d e r  o f  m a g n itu d e  o f  t h e  te rm s  i n  th e  
c o n s e r v a t i o n  e q u a t i o n s  f o l l o w i n g  t h e  m e thods o f  R e f .  2 , 3 ,  t h e  e q u a t io n s  
a r e  n o n d im e n s io n a l iz e d  b y  u s i n g  c o n s t a n t s  c h a r a c t e r i s t i c  o f  t h e  f lo w
f i e l d ,  f o r  exam ple
,  a  X*
R*
y = -2.*
R* ( 2 ,5 )
u* u = —U *00
V *V  =
U®*
The o r d e r  o f  m a g n i tu d e  o f  t h e  d e p e n d e n t  and in d e p e n d e n t  v a r i a b l e s  i s  de­
te rm in e d  by u s i n g  t h e  l a r g e s t  p o s s i b l e  m a g n itu d e  o f  th e  d im e n s io n a l  v a r ­
i a b l e ,  f o r  exam ple ,
1 
= 7
R* ( 2 . 6)
Uoo* u-u _2_  = 1
Uoo*
U sing  t h e  a b o v e  p r o c e d u r e ,  t h e  o r d e r s  o f  m a g n itu d e  o f  t h e  te rm s  i n  th e
c o n s e r v a t i o n  e q u a t i o n s  w ere d e te rm in e d  (R e f .  2 .1 )  and a r e  g iv e n  i n  Thble
-22 . 1 .  A l l  te rm s  o f  o rd e r  p and  h i g h e r  h av e  been  d ro p p ed  from a l l  equa­
t i o n s  e x c e p t  t h e  y-momentum e q u a t i o n .  The d im e n s io n l e s s  v a r i a b l e s  a p ­
p e a r i n g  i n  E qs .  2 ,7  -  2 .1 2  a r e  d e f i n e d  i n  T a b le  2 . 2 .  I t  m ust b e  n o te d  
t h a t  Eqs. 2 . 8 ,  2 .9  and 2 .1 0  c o n t a i n  te rm s  o f  unknown o r d e r  o f  m a g n i tu d e .
TABLE 2.1
LISTING OF CONSERVATION EQUATION WITH
ORDER ASSESSMENT RESULTS
G lo b a l  c o n t i n u i t y :
0 [ 1] 0 [ 1]
” (rApu) +  | ^ ( n r Apv) = 0 (2-,-7)
S p e c ie s  c o n t i n u i t y :
0[ 1 ] 0 [ 1] 0 [ 1 ]
S / A  . S / “ A _  . a ~  A T . , ~  A^ ( r  pC.u) + — U r  pC.v) = -  — U r  J . y ) + Hr w. (2 .8 )
§ -  momentum:
17
TABLE 2 .1  ( C o n t . )  
y  -  momentum: ( 0 [ p j  and l a r g e r  te rm s )
0 [ p ]  0 [ p ]  0 [ 1]
A 9v . Ar  ^ dv ~  A 2 ~  A 9P
p r  u s f  + p r  *v  " p*r  u +  *r#]
p p
- H a s  ( A * )  +  t o ( x t f  < A ) )°[H 4£l
+ &  (x & (»rAv)) + 1? ^ ) ) = 0
y -  momentum: ( 0 [p ]  and l a r g e r  te rm s )
0 [ p ]  0 [ p ]  0 [ 1]
- - - - -  A -  9v  A J ^+ Pr  kv —  -  +  *r A 9P dy
i f ]  o[i-]
■ t i k  (a#) + ^ (4<^>)
° H  ° p - ]
P P
+ to (x t o ^ O  +  to to) ■ 85 (rA|i,‘u>
. 0 [ 1]  0 [ 1]  . 0 [ 1]
A
Ah r> / A * X« 5 A , „ n,r 9u 1
~  i ( r u > - = “ a ; <Hr v > ' 2,1 ~  « ; = 0
K
( 2 . 10)
(2 . 11)
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TABLE 2.1 (Cont.)
E n e rg y :
0 [ 1] 0 [ 1] 0 [ 1] 0 [ 1 ]  
rAp u f |  +  = -  2 ( a D(J, + A R _y )
o [ y  0[ r - ]  ( 2 . 12)
P P
, 2 r a / -  A 3u \  ^ , A 2. \
+ T  1  ^  t o )  -  &  ( *r  > j
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TABLE 2.2
DEFINITION OF DIMENSIONLESS VARIABLES
F = ^  y a  _ u*_ v*
P- R* u "  U *  v = u“ *CO 03
P = A —  u = ^ - r -  x =P ,fn II u, * ° “  R *K” ,0  S , 0  " s ,0  R
r  -  f £  » -  K*a* P = — ^ 2  H =
p*<«2> V
h*, s , h * 9
H* h* where H* = %U*
S s  S  CD
«  R*U).* j *  *
h = l  + ny tr. = — ,1 -  j .  = — a = A R .x
X P ^ U 'f j. Q * U *  / *R V T
1 P«.uw R ’x  p*(U* ) 3'CO 00
A RH — A _ A D .x  . A D v
R ,y  p*<u; > 3 D , x "  p > 3 3 D’y “ PW00 CO CO 00
w here
a r , x “  a x * ( r * qR ,x > A'R>y = - ^ ( ^ w q ^ y )7 ( r * Aq * ) * = 3 _ / r *A~r
AD ,x  “  d x * ( r * qD ,x ) AD ,y  * v )D ,y  5 y * v D ,y
T h i s  means t h a t  t h e s e  te rm s  can  n o t  b e  d ro p p e d  from th e  e q u a t i o n s  s i n c e  
th e y  may o r  may n o t  b e  s i g n i f i c a n t .
Two a d d i t i o n a l  a s s u m p t io n s  w ere  made i n  o r d e r  t o  s i m p l i f y  th e  
e q u a t i o n s  o f  th e  f l o w - f i e l d .  The f i r s t  o f  t h e s e  c o n s i s t s  o f  a ssum ing  
t h a t  S to k e s '  P o s t u l a t e  (R e f .  2 .3 )  i s  v a l i d  th r o u g h o u t  t h e  f l o w - f i e l d .  
T h i s  y i e l d s
and  s i m p l i f i e s  E qs .  2 .1 0  and 2 .1 1 .  The r a d i a t i v e  e n e rg y  te rm  i n  Eq. 
2 .12  was s i m p l i f i e d  b y  assu m in g  t h a t  t h e  sh o ck  l a y e r  geo m etry  i s  a p p ro x ­
im a ted  l o c a l l y  by a n  i n f i n i t e  p l a n e  s l a b  i n  w hich r a d i a t i v e  t r a n s p o r t  
p r o p e r t i e s  v a ry  o n ly  a c r o s s  t h e  s l a b .  T h i s  a s s u m p t io n  y i e l d s
As a r e s u l t  o f  t h e  b u l k  v i s c o s i t y  a s s u m p t io n  and t h e  p l a n a r  r a d ­
i a t i v e  t r a n s f e r  model E qs .  2 . 7 - 2 . 1 2  may b e  w r i t t e n  i n  a  more u s a b l e  fo rm . 
The r e s u l t i n g  e q u a t i o n s  a r e  known a s  t h e  t h i n  shock  l a y e r  e q u a t i o n s  and 
a r e  g iv e n  i n  T a b le  2 . 3 .  T hese  e q u a t i o n s  a r e  a l s o  r e f e r r e d  t o  a s  th e  
se c o n d  o r d e r  b o u n d ary  l a y e r  e q u a t i o n s  w i th  c u r v a t u r e  e f f e c t s .
I f  a l l  th e  te rm s  o f  o r d e r  p o r  h i g h e r  a r e  d ro p p ed  from  t h e  con­
s e r v a t i o n  e q u a t io n s  th e y  a r e  th e n  known a s  t h e  f i r s t  o r d e r  sh o ck  l a y e r  
e q u a t i o n s  o r  t h e  f i r s t  o r d e r  b o u n d a ry  l a y e r  e q u a t i o n s  (T a b le  2 . 4 ) .
The f i r s t  o r d e r  b o u n d a ry  l a y e r  e q u a t i o n s  (T a b le  2 ,4 )  w ere  c h o se n  
t o  d e s c r i b e  t h e  f l o w f i e l d  f o r  t h e  f o l l o w i n g  r e a s o n s :  (1 )  t h e  R eyno lds
num bers e n c o u n te r e d  d u r in g  E a r t h  a tm o s p h e r ic  r e e n t r y  from  t y p i c a l  Mars
(2 .1 3 )
= 3 ( k r A ^R .y) 
Ry 9 y
2 tt k r A 1 a (2B -  I  ) dv
O V V  V ( 2 .1 4 )
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TABLE 2.3
SECOND ORDER SHOCK LAYER EQUATIONS
G lo b a l  c o n t i n u i t y :
^  ( r Apu) +  ( * r Apv) = 0
S p e c i e s  c o n t i n u i t y :
3 / A . 5 /'■' A . 3 A \ i ~ A—  ( r  pC.u) + —  ( „ r  pC.v) = -  — U r  J i> y ) +  « r
x  -  Momentum:
A 3u . ~  A 3u , A A 3Pp r  u —  +  p*r v  - ^  +  p*r  uv = -  r  —
A
, 3  A 3uv 3 r  a+  —  ( n r  m, — ) -  ru ~v  p  3y p 3y S v
y -  Momentum: ( 0 [ p ]  and l a r g e r  te rm s )
A 3v ~  A 3v  A 2 ^  A 3Dp r  u —  +  p„r  V -  p„ r  u  = -  „ r  —
A.
, 3  , A 3u„ 2 3  , 3r , 4 3 ,  A 3 v v
+  &E ( r  " 3 a ?  “ a r >  ■
2 3 ( A , ^  d r \
-  3 ^  U r  +  *p.v - g ^ )
( 2 .1 5 )
( 2 .1 6 )
( 2 .1 7 )
( 2 .1 8 )
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TABLE 2.3 (Gont.)
— 2
y -  Momentum: (0  [p  ]  and l a r g e r  t e rm s )
A 3v , 3v A 2 «  A 9Ppr u —  +  pr KV —  -  p„r u -  -  „r  ^
9 , A 9u. 2 /  drAu. A d A 3y.
2 5 , A . 9 . A . - 2 u , A .
-  3 8? U r  ^  ‘  to. ( r  ^ u) +  3 ^ ~  (r  u )
K
t ^ ^ A \ o i i  A 5u 2 5
+  3  * ~  a ?  U r  v )  " 2p- ~  r  9 T }
K H,
E n erg y :
a  an ~  a  anr an  ~  a  an  - a  r ~  a r . ax . v u T
pu a x  *r  pv ay  = ay  LHr l " k  a ^  +  I  V i , :
L ,'  y Hi Di { Jt.y . HltZ) \  1 . ~rA 3qR.y 
N2 L  .£ .  " 1  ® i j  ^ Pj P i  > i  J  ay3. rf-L J J
a A 3u. a / A 2 . 
<** t »  -  - ^ C h I  nu )
(2 .1 9 )
( 2 . 20)
\23
TABLE 2.4
FIRST ORDER SHOCK LAYER EQUATIONS
(O rder  d e te r m in e d  a t  R = p U R / = 100)
e  00 *  H , o
G lo b a l  c o n t i n u i t y :
S /  A .  , 3  , ~  A . _—  ( p r  u )  + —  (p Hr  v )  = 0 ( 2 . 21)
S p e c i e s  c o n t i n u i t y :
( r ApCiU ) <KiApCi v )  = -  ^ & \ y ) +  ( 2 .2 2 )
x  -  Momentum:
A 3u . ~  A 3u A 3P . 3 f  ^  A 3u 1p r  u - ^  + p„ r  v  -  r  ( 2 .2 3 )
y -  Momentum:
2 ^  3P a  nt \pxu = k ( 2 .2 4 )
E n e rg y :
A 311 , ~  A 3H 3 (  ~  A. 3T \  3 /  ~  A f
Pu ax  K P dy 9y \  dy  )  9y V i  \  V i . y
N . D .  J .  J.   ^ . . Sq„
- s s _i -i_ ( -Lri - _iri> } ) . ~rA —^2 (2.2S)
N i  J / i  ” 1 ® 1,J P) P i  ;   ^ 8y
. 8  /  ~  A Bu \  
+  3? ( Hr ^  8? )
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a r e  o f  t h e  o r d e r  o f  10^* making second  o r d e r  te rm s e v e n  l e s s  s i g n i f i c a n t  
th a n  was shown by th e  o r d e r  o f  m a g n i tu d e  a n a l y s i s ;  ( 2) t h e r e  a r e  i n ­
h e r e n t  a p p r o x im a t io n s  i n  th e  t h e o r e t i c a l  models and e x p e r i m e n t a l  d a t a  
used  to  p r e d i c t  the rm odynam ic , t r a n s p o r t ,  r a d i a t i o n  and  c h e m ic a l  k i n e t ­
i c s  p r o p e r t i e s ;  t h e r e f o r e ,  t h e r e  i s  no need  f o r  m ore d e t a i l  i n  th e  e q u a ­
t i o n s  s o lv e d  th a n  in  t h e  p r o p e r t i e s  u s e d  i n  th e  e q u a t i o n s .
F u r t h e r  s i m p l i f i c a t i o n  o f  t h e  c o n s e r v a t i o n  e q u a t i o n s  was o b ta in e d  
by n o t i c i n g  t h a t  f o r  t h e  f l i g h t  c o n d i t i o n s  and body r a d i i  o f  I n t e r e s t  
i n  t h i s  w ork  t h e  shock  l a y e r  i s  v e r y  t h i n ,  t h e r e f o r e  t h e  r e l a t i o n
<\j 'V
K = 1 + ky may be a p p ro x im a te d  by k = 1 .  I n  a d d i t i o n ,  n e g l e c t i n g  th e rm a l  
d i f f u s i o n  y i e l d s  th e  s o - c a l l e d  b o u n d a ry  l a y e r  e q u a t i o n s  (T ab le  2 . 5 ) .  
BOUNDARY CONDITIONS
As was m en tioned  above , t h e  b o u n d a ry  l a y e r  e q u a t i o n s  a r e  p a r a b o l i c  
and th u s  r e q u i r e  th e  s p e c i f i c a t i o n  o f  b o u n d a ry  c o n d i t i o n s  on th e  s t a g n a ­
t i o n  l i n e  (x  = 0 ) ,  w a l l  (y = 0) and s h o c k  (y = 6 ) .  The s t a g n a t i o n  l i n e  
b o u n d ary  c o n d i t i o n s  a r e  o b ta in e d  by t a k i n g  th e  l i m i t  o f  E qs . 2 .2 6  -  2 .‘30 
as  x  ■+■ 0 .  The r e s u l t i n g  e q u a t io n s  fo rm  t h e  b a s i s  f o r  m ost o f  th e  w ork 
p e r fo rm e d  i n  t h i s  d i s s e r t a t i o n  and  th e y  w i l l  b e  d e v e lo p e d  i n  t h e  n e x t  
s e c t i o n .  W all and sh o c k  boun d ary  c o n d i t i o n s  w i l l  b e  d i s c u s s e d  b e lo w .
W all B oundary  C o n d i t io n s
The d ev e lo p m en t o f  w a l l  b o u n d a ry  c o n d i t i o n s  may b e  perfo rm ed  i n  
two d i f f e r e n t  ways. The f i r s t ,  and m o s t  f r e q u e n t l y  u s e d  t e c h n iq u e
* F o r  t y p i c a l  e n t r y  c o n d i t i o n s  o f  U * = 5 0 ,000  f p s ,  = 10 ^
l b m / f t ^  ( c o r r e s p o n d in g  to  an  a l t i t u d e  o f  214,000 f t  (R e f .  2 . 4 ) )  and
R * = 1 0 f t ,  a  v a l u e  o f  T ^  = 15 ,000  1C i s  o b t a i n e d ,  t h e r e f o r e  y = 10“ ^» o j o
n * R* IL * a
l b m / f t  s e c  (R e f .  2 .5 )  and Re = —“ ---------------- = 5 x  10 .
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TABLE 2.5
BOUNDARY LAYER EQUATIONS
G lo b a l  c o n t i n u i t y :
to (rA “ ) +  *BA | j  (pv) = 0 ( 2 . 26)
S p e c i e s  c o n t i n u i t y :
~  7  ( r  ApC.u) +  | -  (p C .v )  = -  § -  ( J .  ) +  u). ( 2 .2 7 )A w H i  By * 1  By i , y  i
w
x  -  Momentum:
Bu , . Bu _ BP , B /  Bu.
Bx ^ By Bx By ^  By ( 2 .2 8 )
y  -  Momentum: 
n BP
0 = ^  ( 2 .2 9 )
E n e rg y :
bh , an  a bt. a r „ .  Tp u r  h pv r *  = T" (k  — ) ■ —  1 S h . J .H 3x H 8y  By By By I  . x i a;
BqD
-  -fi-J-y. ( 2 .3 0 )
By
+  T-  (y,u - ^ )  By p By
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c o n s i s t s  o f  w r i t i n g  m a ss ,  momentum, and e n e rg y  b a l a n c e s  a c r o s s  th e  
a b l a t o r - s h o c k  l a y e r  i n t e r f a c e  ( F ig ,  2 , 2 ) .  A second t e c h n iq u e  i n v o lv e s  
t h e  u s e  o f  th e  c o n s e r v a t i o n  e q u a t io n s  o f  t h e  f l o w - f i e l d  w h ich  a r e  i n t e ­
g r a t e d  from  y+ to  y~  and th e n  th e  r e s u l t i n g  e q u a t i o n s  a r e  e v a lu a te d  a s  
Ay -*■ 0 .  B oth  o f  t h e s e  m e thods sh o u ld  y i e l d  I d e n t i c a l  r e s u l t s  s i n c e  t h e  
c o n s e r v a t i o n  e q u a t i o n s  used  i n  t h e  seco n d  te c h n iq u e  a r e  m a ss ,  momentum, 
and e n e rg y  b a l a n c e s  a t  any  p o i n t  i n  t h e  f l o w - f i e l d .  The f i r s t  method h a s  
t h e  a d v a n t a g e  t h a t  t h e  p h y s i c a l  s i g n i f i c a n c e  o f  each  te rm  i n  th e  r e s u l t ­
in g  e q u a t i o n s  i s  more r e a d i l y  e v i d e n t .  The second t e c h n q i u e ,  on t h e  o -  
t h e r  hand w i l l  a s s u r e  t h a t  a l l  t h e  n e c e s s a r y  te rm s  h a v e  b e e n  c o n s i d e r e d .
In  t h i s  work t h e  second  t e c h n iq u e  d i s c u s s e d  above  was a p p l i e d  to  
t h e  b o u n d a ry  l a y e r  e q u a t i o n s  (E qs .  2 .2 6  -  2 .3 0 )  i n  o r d e r  t o  o b t a i n  th e  
s u r f a c e  b a l a n c e s  n e e d e d .  F or  exam ple , t h e  g l o b a l  c o n t i n u i t y  e q u a t io n  i s
_L  —
m u l t i p l i e d  by dy  and i n t e g r a t e d  from y  t o  y
Jy+ 1  i ( £ w  pu> dy  +  ^  d = Q
y "  r  3x y y~ 3y *
J w
t o  y i e l d
^  i £ * p u \ v  <p v ) + -  <p v ) ' ' 0
w here  Ay = y+ = y“  and u s e  h a s  b e e n  made o f  t h e  mean v a l u e  theo rem  to  
i n t e g r a t e  t h e  f i r s t  te rm .  When th e  l i m i t  a s  Ay +  0 o f  t h e  e q u a t io n  a b o v e  
i s  t a k e n  th e  r e s u l t  i s
(pv) = <pv)+  ( 2 .3 1 )
T h is  same p r o c e d u r e  was used  w i th  t h e  o t h e r  e q u a t io n s  a n d  th e  r e s u l t i n g  
r e l a t i o n s  a r e  g iv e n  in  T a b le  2 .6 .
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Rate of  Gas 
Addit ion  =
/ V g kpv)  1 1 = Total Mass ' wall  . .Inject ion
Rate of  Solid 
Addit ion  r
Pc  v r
C ha r  Sublimation
Surface Recession 
V eloc i ty  c v
Figure 2 . 2  I l lustrat ion of  Overal l  Surface M ater ia l  Balance
TABLE 2 .6  
SURFACE BALANCE EQUATIONS
G lo b a l  Mass B a la n c e :
(p v )~  = (p v )+
S p e c ie s  Mass B a la n c e :
—  -f-
(pVC± -  J ±) = (pVC.. -
X-momentum:
(pvn  -  p — ) = (pvu -  p
y-momentum:
E n e rg y :
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I n  t h e s e  s u r f a c e  b a l a n c e  e q u a t i o n s  a l l  t h e  d e p e n d e n t  v a r i a b l e s  on
t h e  c h a r  s i d e  o f  t h e  i n t e r f a c e  ( t h o s e  w i th  a  s u p e r s c r i p t  - )  m ust b e  i n ­
t e r p r e t e d  a s  b e in g  d e p e n d e n t  upon b o th  t h e  s o l i d  and g a se o u s  p h a s e s .  F or
exam ple 0 = 0  +  D and (nv) = p v  + p v . I n  a d d i t i o n  i t  m u s t  be  n o -  g c  g KC c
t i c e d  t h a t  i f  th e  f lo w  i n  th e  c h a r  i s  one d im e n s io n a l  (u = 0 ) ,  a s  i t  i s
u s u a l l y  assummed to  b e ,  t h e  x  -  momentum e q u a t i o n  i s  i d e n t i c a l l y  ze ro  
w h i le  t h e  te rm s  w i th  a r ro w s  th ro u g h  them i n  t h e  e n e rg y  b a l a n c e  a l s o  b e ­
come z e r o .  T h is  same s i t u a t i o n  e x i s t s  on th e  s t a g n a t i o n  l i n e  s in c e  u 
i s  z e ro  f o r  a l l  v a l u e s  o f  y .
Shock Boundary C o n d i t io n s
The bow sh o ck  i s  g o v e rn ed  by t h r e e  b a s i c  c o n s e r v a t i o n  e q u a t i o n s ,  
c o r r e s p o n d in g  to  t h e  t h r e e  p h y s i c a l  p r i n c i p l e s  o f  c o n s e r v a t i o n  o f  m ass ,  
momentum, and e n e rg y .  T hese  e q u a t i o n s ,  commonly known a s  t h e  R a n k in e -
H ugon lo t e q u a t i o n s  a r e  g iv e n  i n  r e c t a n g u l a r  c o o r d i n a t e s  by (R e f .  2 . 6 ) :
C o n t i n u i t y
P .*  V_*n -  P* V *,n  ( 2 .3 6 )
Momentum
(n o rm al)  P * +  P * V*2 = P* +  p *  V*2 ( 2 .3 7 )'  f »  00 do ,n  6 K6 6 ,n  '  ’ '
( t a n g e n t i a l )  V„*t  = V*>t ( 2 3 8 )
Energy
h* +  -I V*2 + ^  V*2 „ » h* +  \  V*2 + ^  V* 2 ( 2 .3 9 )2 «> ,n  2 00 , t  <5 2 5 ,n  2 , $ , t
U sing  F ig u r e  2 .3  t h e  above  e q u a t i o n s  can  be w r i t t e n  i n  body o r i e n t e d  co ­
o r d i n a t e s .  The dev e lo p m en t o f  t h e s e  e q u a t io n s  i n  c u r v i l i n e a r  c o o r d i n a t e s  
was p e r fo rm e d  by Engel (R e f .  2 .1 )  and th e  r e s u l t i n g  e q u a t i o n s  a r e  g iv e n  
below  i n  d im e n s io n le s s  form
v .  = s i n  <j> s i n  e  -  p c o s  <{> cos  e ( 2 .4 0 )o
= s i n  if) co s  e  -  p co s  0 s i n  e ( 2 .4 1 )
30
Shock Wave
sn
-v
Body
Surface
Figure 2 . 3  Resolut ion o f  V e loc i ty  Components in a  Body-O r ien ted  
Coordina te  System
P6 = (1-p") c o s 2 <j> + X  ( 2 .4 2 )
h 6 = (1- p 2 ) co s  <J> +yJ £ °  ( 2 . 43 )
A g a in ,  th e  d im e n s io n le s s  v a r i a b l e s  used  above  w ere  d e f in e d  a s  g iv e n  i n
T a b le  2 .2 .  As shown i n  E qs . 2 .4 2  and 2 .4 3  t h e  te rm s  P^ and h may b e
-2n e g l e c t e d  s i n c e  th e y  a r e  o f  o r d e r  p .
Fo r  a  g iv e n  shock  sh a p e  and  f l i g h t  c o n d i t i o n s ,  i f  t h e  p o s t - s h o c k  
f l u i d  i s  assum ed to  be p u r e  a i r  i n  c h e m ic a l  e q u i l i b r i u m ,  i . e . ,  no d i f ­
f u s i o n  o f  a b l a t i o n  p r o d u c t s  to  t h e  s h o c k ,  th e n  t h e  v e l o c i t y  o f  t h e  f l u i d  
a t  t h e  shock  and a l s o  i t s  therm odynam ic s t a t e  ( p r e s s u r e ,  e n t h a l p y ,  com­
p o s i t i o n ,  e t c . )  can  be found  from  Eqs. 2 .4 0  -  2 .4 3  and a t e c h n iq u e  f o r  
o b t a i n i n g  t h e  e q u i l i b r i u m  c o m p o s i t io n  o f  a  f l u i d .  In  p r a c t i c e  a  chem i­
c a l  e q u i l i b r i u m  program  i s  u s u a l l y  a v a i l a b l e  and  a  v a l u e  o f  p. i s  g u e s s e d ,  
from  E qs . 2 .4 2  and 2 .4 3  P^ and  h^ a r e  computed and  th e  e q u i l i b r i u m  p r o ­
gram i s  u se d  t o  o b t a i n  th e  c o m p o s i t io n  and a new v a l u e  o f  p i s  o b t a in e d .  
T h i s  p ro c e d u r e  i s  r e p e a te d  u n t i l  t h e  g u e s se d  and  computed v a l u e s  o f  p 
a g r e e .
T h e r e f o r e ,  boundary  c o n d i t i o n s  o f  t h e  f i r s t  k in d ,  i . e . ,  t h e  de­
p e n d e n t  v a r i a b l e s  a r e  s p e c i f i e d ,  may be  u se d  a t  t h e  shock  (y  -  6) .  T hese  
boun d ary  c o n d i t i o n s  a r e  g iv e n  below  
u = u6
V  =  V .
6 ( 2 .4 4 )
P = Pfi
h « h6
C i = Ci^ (P , h) (Assuming c h e m ic a l  e q u i l i b r i u m  
1 ^ .  (T^. ) = 0 (No p r e c u r s o r  r a d i a t i o n )
The a d d i t i o n a l  boundary  c o n d i t i o n  shown above r e s u l t s  from assum ing  t h a t  
no r a d i a t i o n  from  th e  f r e e - s t r e a m  a i r  c r o s s e s  t h e  shock .
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STAGNATION LINE BOUNDARY LAYER EQUATIONS*
The s t a g n a t i o n  l i n e  b o u n d a ry  l a y e r  e q u a t i o n s  a r e  o b t a i n e d  by f o r ­
m a l ly  t a k i n g  t h e  l i m i t  a s  x -*■ 0 o f  t h e  b o u n d a ry  l a y e r  e q u a t i o n s  (Eqs.
2 .2 6  -  2 . 3 0 ) .  The r e s u l t i n g  e q u a t io n s  w ere  o b t a i n e d  by  E n g e l  (R e f .  2 .1 )  
and a r e  g iv e n  h e r e  i n  d im e n s io n a l  form f o r  a x i s y n u n e t r ic  f lo w  i n  T a b le  2 . 7 .
Some comments c o n c e rn in g  t h e  d e r i v a t i o n  o f  t h e  e q u a t i o n s  i n  T a b le  2 .7  a r e  
p e r t i n e n t :  1 ) a t  th e  s t a g n a t i o n  l i n e  t h e  component o f  v e l o c i t y  ta n g e n ­
t i a l  to  t h e  body (u) i s  z e ro  b e c a u s e  o f  sym m etry ; 2) t h e  s t a g n a t i o n  l i n e  
x-momentum e q u a t io n  i s  o b t a in e d  by f i r s t  d i f f e r e n t i a t i n g  t h e  x-momentum 
e q u a t io n  (Eq. 2 .2 8 )  w i th  r e s p e c t  t o  x and  th e n  t a k in g  t h e  l i m i t  a s  x -+ 0 
o f  th e  r e s u l t i n g  e q u a t io n .  T h i s  p r o c e d u re  i s  u s e d  b e c a u s e  ta k in g  th e  
l i m i t  o f  t h e  x-momentum e q u a t i o n  y i e l d s  ( 3 P /9 x ) x _ q = 0 , a  r e l a t i o n s h i p  
w hich  does n o t  c o n t a in  any u s e f u l  i n f o r m a t i o n .
The w a l l  and shock  b o u n d a ry  c o n d i t i o n s  need ed  i n  o r d e r  to  be  a b l e  
t o  i n t e g r a t e  E qs .  2 .45  -  2 .4 9  w ere  o b ta in e d  by  t a k in g  th e  l i m i t  o f  E q s .
2 .3 1  -  2 .3 5  and  2 .40  -  2 .4 3  a s  x ■+■ 0 .  B e fo re  t a k in g  th e  l i m i t  o f  th e  
s u r f a c e  b a l a n c e  e q u a t io n s  t h e  f lo w  i n  t h e  c h a r  was assum ed to  be  one­
d im e n s io n a l  (u  = u+ = 0 ) .  As was d i s c u s s e d  e a r l i e r ,  t h i s  c o n d i t i o n  
im p l i e s  t h a t  t h e  te rm s c r o s s e d  by an a r ro w  i n  th e  e n e rg y  b a l a n c e  e q u a t i o n  
a r e  ze ro  w h i le  t h e  x-momentum b a l a n c e  i s  i d e n t i c a l l y  z e r o .  I n  l i e u  o f  
t h e  x-momentum b a l a n c e ,  t h e  f a c t  t h a t  u i s  z e ro  f o r  a l l  x l o c a t i o n s  a t  
th e  w a l l  ((3u/3x)"*" = 0 ) may b e  u sed  w i th  t h e  s t a g n a t i o n  l i n e  g l o b a l  con ­
t i n u i t y  e q u a t i o n  (Eq. 2 .4 5 )  t o  y i e l d
* I n  t h i s  s e c t i o n  a l l  v a r i a b l e s  a r e  d im e n s io n a l .
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TABLE 2.7
STAGNATION LINE BOUNDARY LAYER EQUATIONS
G lo b a l  c o n t i n u i t y :
2 Si - -; & <”) <*•«>
S p e c ie s  c o n t i n u i t y :
9Ci  apv ——  = -  —  ( J .  ) +  u). ( 2 .4 6 )H 9y ay  i , y  i
x  -  Momentum:
I;[ 111?(pi; (pv))]- pv|;(pl; (pv) )
0 - «r j ax x=o
y  -  Momentum:
(2 .4 7 )
= o (2 .4 8 )
ay
E nergy :
, an _ a r  t  *  h tpv ~  = -  r ~  -  k    h S h . J ,
H ay  By L ay L i  r , y
aqn 
-  R *y
( 2 .4 9 )
Sy
The s t a g n a t i o n  l i n e  w a l l  b o u n d ary  c o n d i t i o n s  a r e  g iv e n  i n  T a b le  2 . 8 .  At 
t h e  sh o c k  (4 = 0 and t h e  shock  b o u n d a ry  c o n d i t i o n s  s i m p l i f y  to  t h o s e  g iv e n  
i n  T a b le  2 . 8 .  The r e a d e r  s h o u ld  n o t i c e  t h a t  w h i l e  a l l  th e  sh o c k  b o u n d a ry  
c o n d i t i o n s  a r e  o f  t h e  f i r s t  k in d ,  t h e  w a l l  b o u n d a ry  c o n d i t i o n s  a r e  ox 
th e  f i r s t ,  second  and t h i r d  k in d .
MATHEMATICAL DESCRIPTION OF THE PROBLEM
B e fo re  any a t t e m p t  i s  made to  d e s c r i b e  th e  m a th e m a t ic s  o f  th e  
p ro b le m ,  i t  i s  c o n v e n ie n t  t o  i n t r o d u c e  i n t o  t h e  e q u a t io n s  th e  b i n a r y  
d i f f u s i o n  a s su m p tio n
3CJ  = -  pD J l L  ( i  = 1 , . . . ,n )  ( 2 .5 1 )i  ,y  dy
and u s e  t h e  r e l a t i o n
H = h +  v 2 / 2  ( 2 .5 2 )
to  w r i t e  t h e  e n e rg y  e q u a t i o n  (Eq. 2 .4 9 )  i n  te rm s  o f  s t a t i c  e n t h a l p y  i n ­
s t e a d  o f  t o t a l  e n t h a l p y .  When t h i s  I s  done t h e  r e s u l t i n g  c o n s e r v a t i o n  
e q u a t i o n s  a r e :
G lo b a l  c o n t i n u i t y :
2 (f^-) n (2 .4 5 )3x x =0 p dy '
S p e c ie s  c o n t i n u i t y :
d e l
d(pD dy ) -  pv = 0 ( i  = 1 , .  . .  ,n )  ( 2 .5 3 )
dy y
x -  momentum:
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TABLE 2 .8
WALL AND SHOCK BOUNDARY CONDITIONS FOR STAGNATION LINE PROBLEM
W all (y = 0 ) :  Shock (y = 6) :
, . P“  u “  Cos e ( 2 .5 0 f )pv = (pv) ( 2 .5 0 a )  v  = =-----------
pvC.^ “  = (PvC^^ -  J \ )  (2 .5 0 b )
6 ,o
Pm U .“  <5»° . ™ vu = u g — - ----- s i n  ^ (2 .5 0 g )
¥ P - °  <2 - ^ >
-  . . .  . n . J L i * .  " .  ( 2 .5 0 h )
P = P (2 .5 0 d )  6 K P. }o fo
(PvH -  k —  + I  h . J .  + q D ) = . . . .  / "  ■ * U“  (2 .5 0  i)3y ± i  i , y  MR ,y  h « h& = (1 -  ( - ----- ) ) - y -
6 ,o
9T
(PvH -  k 3y + 2 h . J . ^  + qR>y) c± = C. (P 6)0  h fi) ( 2 .5 0 j )
(2 .5 0 e )
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y -  momentum;
(2 .4 8 )
E nergy :
2 dv d ( k  dy -  PD
dy dy dy
(2 .5 4 )
The m a th e m a t ic a l  model o f  th e  s t a g n a t i o n  l i n e  i s  g iv e n  by th e  above s e t  
o f  4 +  n ( f o r  a  sy s tem  w i th  n c h e m ic a l  s p e c i e s )  o r d i n a r y  i n t e g r o - d i f f e r -  
e n t i a l  e q u a t i o n s  and a  s e t  o f  tw o - p o in t  b o u n d ary  c o n d i t i o n s  g iv e n  i n  
T a b le  2 . 8 .  The i n t e g r o - d i f f e r e n t i a l  e q u a t i o n s  a r e  c o u p le d ,  n o n l i n e a r ,  
o f  f i r s t ,  se c o n d  and t h i r d  o r d e r .  They a r e  i n t e g r a l  s i n c e  th e  f l u x  d i v ­
e rg e n c e  te rm  (dq /d y )  i n  t h e  e n e rg y  e q u a t i o n  i s  an  i n t e g r a l  g iv e n  by 
r , y
Eq. 2 .1 4 .  T hese  e q u a t io n s  c o n t a i n  t h e  7 + n  unknowns p , v ,  ( 3 u /3 k ) x _g
a r e  a t  m ost f u n c t i o n s  o f  y .  T h i s  d i s c u s s i o n  assum es t h a t  the rm odynam ic ,
known i n  te rm s  o f  t h e  d e p e n d e n t  v a r i a b l e s  l i s t e d  above . T hese  p r o p e r t i e s  
w i l l  be d i s c u s s e d  in  C h a p te r  3 .  I t  i s  e v i d e n t  t h a t  s i n c e  t h e  4 +=n eq u a­
t i o n s  c o n t a i n  7 +  n unknowns t h r e e  more in d e p e n d e n t  r e l a t i o n s  a r e  n e e d e d .  
T hese  a r e  p r o v id e d  by th e  th e rm a l  e q u a t i o n  o f  s t a t e
P ,  h ,  T, and  ( i  = 1 » • * ' 9n) w here  b o th  ( 3 u /3 x ) x __ ^ and ( 3 ^ P / 8 x ^  _
t r a n s p o r t ,  r a d i a t i v e ,  and k i n e t i c s  p r o p e r t i e s  (D, a n ,  p ,  k ,  and h ^ )< a r e
P = ( |  £ i )  f*T
X 4 ( 2 .5 5 )
t h e  c a l o r i c  e q u a t i o n  o f  s t a t e ;
h = I  C .h .  
i  1 1 (2.56)
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and t h e  R a n k in e -H u g o n io t  r e l a t i o n  f o r  t h e  sh o ck  p r e s s u r e  a s  a  f u n c t i o n  
o f  th e  sh o c k  a n g l e  m easu red  from  th e  s t a g n a t i o n  l i n e
T h is  d ev e lo p m en t makes i t  p o s s i b l e  to  r e w r i t e  t h e  x-momentum e q u a t i o n  a s  
x-momentum
T h e r e f o r e ,  f o r  a known shock  geo m etry  (known ij> ( x ) )  th e  c o n s e r v a t i o n  
e q u a t i o n s  c o n t a i n  6 +  n  unknowns i n s t e a d  o f  7 +  n a s  b e f o r e .  A f u r t h e r  
r e d u c t i o n  i n  t h e  number o f  e q u a t i o n s  t h a t  need  to  b e  s o lv e d  may b e  a c ­
c o m p lish e d  by  e l i m i n a t i n g  h from  th e  e n e rg y  e q u a t i o n  by s u b s t i t u t i n g  
th e  c a l o r i c  e q u a t io n  o f  s t a t e  a s  f o l l o w s .  From Eq. 2 .5 6
(2 .4 2 )
From th e  y-momentum e q u a t i o n  and t h e  f a c t  t h a t  (— ) = 0 ( a s  d i s ­
ci X _x  = 0
c u s s e d  i n  t h e  p r e v io u s  s e c t i o n )  i t  i s  e v i d e n t  t h a t
c o n s t a n t ( 2 .5 7 )
S u b s t i t u t i o n  o f  Eq. 2 .4 2  i n  Eq. 2 .5 7  g iv e s
*  t i  2 (2 .5 8 )
1 d (pv)
( 2 .5 9 )
2
dy i  i  dy i  i  dy
(2 . 60)
S u b s t i t u t i n g  Eq. 2 .6 0  i n  Eq. 2 .5 4  g iv e s  
E n e rg y :
dT 2 dv , dc„ v„v  Cp _  ,  -  pv _ _  -  pV (£  ^  _  )
(2 .6 1 )+ ^ §+PD(?hi|i)I
I n  t h i s  m anner t h e  unknowns have  b e e n  red u ce d  t o  p ,  v ,  (3 u /9 x )  _ n
X  -  U j
P ,  T , and  ( i  = l , . . . , n ) .
At t h i s  p o i n t  i t  i s  p e r t i n e n t  t o  a s k ,  how many o f  E qs .  2 .4 5 ,  2 .5 3 ,  
2 .4 8 ,  2 . 5 5 ,  2 . 5 9 ,  and 2 .6 1  m ust be  s o lv e d  s im u l t a n e o u s ly ?  I t  i s  e v i d e n t  
t h a t  t h e  y-momentum e q u a t i o n  (Eq. 2 . 4 8 ) ,  c o n t a i n i n g  o n ly  one d e p en d e n t  
v a r i a b l e ,  i s  n o t  co u p le d  to  t h e  o t h e r  e q u a t i o n s .  I n  f a c t ,  i t  can  be 
i n t e g r a t e d  a n a t i c a l l y  t o  y i e l d
P (y )  = = c o n s t a n t  (2 .6 2 )
I n  a d d i t i o n ,  t h e  g l o b a l  c o n t i n u i t y  e q u a t io n  (Eq. 2 .4 5 )  c o n t a i n s  o n ly  two 
d e p e n d e n t  v a r i a b l e s  and can  be l e f t  o u t  o f  th e  s e t  t h a t  m ust be s o lv e d  
i n i t i a l l y .  T h is  h as  t h e  e f f e c t  o f  e l i m i n a t i n g  ( 3 u /3 x ) x _ ^ from  th e  un­
knowns i n  t h e  e q u a t i o n s  t h a t  m ust be  s o lv e d .  T h is  v a r i a b l e  may be  r e a d ­
i l y  o b t a i n e d  from Eq. 2 .4 5  once  t h e  p and v  p r o f i l e s  a r e  known. The 
an sw er  to  t h e  q u e s t i o n  t h a t  was a s k e d  a t  th e  b e g in n in g  o f  t h i s  p a r a g ra p h  
i s  t h a t  E qs .  2 .5 3 ,  2 . 5 5 ,  and 2 . 5 9 ,  and 2 .6 1  i n  th e  unknowns p ,  v ,  T , and 
( i  = 1 , . . . ,  n)  m ust be  s o lv e d  s i m u l t a n e o u s l y .
L e t  u s  now c o n s i d e r  th e  boundary  c o n d i t i o n s  t h a t  m u s t  be  used  w i th  
t h e s e  e q u a t i o n s .  The s p e c i e s  c o n t i n u i t y  e q u a t io n  (Eq. 2 . 5 3 )  b e in g  s e c o n d  
o r d e r  r e q u i r e s  two b o u n d a ry  c o n d i t i o n s  f o r  C^. These may b e  p ro v id e d
N o t ic e  t h a t  t h e  b i n a r y  d i f f u s i o n  a s s u m p t io n  (Eq. 2 .5 1 )  w as s u b s t i t u t e d  i n  
Eq. 2 .5 0 b  to  o b t a i n  Eq. 2 .6 3 .  The x-momentum e q u a t io n  (E q . 2 .5 9 )  i s  t h i r d  
o r d e r  and r e q u i r e s  t h r e e  boundary  c o n d i t i o n s  f o r  p v .  T h e s e  a r e  g iv e n  by 
Eqs. 2 . 5 0 a ,  2 .5 0 c ,
The en e rg y  e q u a t i o n  (Eq. 2 .61 )  b e i n g  second  o r d e r  i n  T r e q u i r e s  two 
b o u n d a ry  c o n d i t io n s  i n  a d d i t i o n  to  th e  o n e s  a l r e a d y  d i s c u s s e d  i n  c o n n ec ­
t i o n  w i t h  r a d i a t i o n .  T he f i r s t  o f  t h e s e  b o u n d a ry  c o n d i t i o n s '  i s  p ro v id e d  
by t h e  w a l l  en e rg y  b a l a n c e  (Eq. 2 . 5 0 e ) ,  t h i s  r e l a t i o n  i s  w r i t t e n  i n  te rm s  
o f  t h e  v a r i a b l e s  p r e v i o u s l y  d i s c u s s e d  by  s u b s t i t u t i n g  E q s .  2 .5 1 ,  2 .5 2  
and 2 .5 6
by E qs .  2 .5 0  b and 2 .5 0  j
= (pvC^ +  pD ) a t  y = 0
dC± _
( 2 .6 3 )
a t  y = 6 ( 2 . 5 0 j )
pv = (pv)w  a t  y = 0 ( 2 ,5 0 a )
( 2 .5 0 c )  .
and
pv = p 6v fi a t  y a (2 .6 4 )
p v(E C i h i  +
n
n v  dT n do,* _
[pvC SC ihi +  2“  ) -  k  ^  -  pD (E h i  +  qR>yr  (2 .6 5 )
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The se c o n d  t e m p e r a t u r e  b o u n d ary  c o n d i t i o n  n e e d e d  i s  g iv e n  by
T -  Tg a t  y = 6 ( 2 .6 5 )
T h i s  c o m p le te s  t h e  b o u n d ary  c o n d i t i o n s  n e e d e d .  Of t h e s e  t h e  m ost com­
p l e x  o n e s  a r e  t h o s e  g iv e n  by E q s .  2 .63  and 2 . 6 5 .  The b o u n d a ry  co n ­
d i t i o n  g iv e n  by Eq. 2 .6 3  may b e  s i m p l i f i e d  by n o t i c i n g  t h a t  f o r  f a i r l y  
h ig h  mass i n j e c t i o n  r a t e s  ( (Pv ) w a l l / p „  u ro > 0 .0 5 )  mass t r a n s f e r  by d i f ­
f u s i o n  i s  s m a l l  compared to  m ass  t r a n s f e r  by c o n v e c t io n  n e a r  t h e  w a l l .
T h is  means t h a t  t h e  d i f f u s i o n  te rm s  in  Eq. 2 .6 3  may be  n e g l e c t e d  to  y i e l d  
C i = C i”  a t  y = 0 ( i  = l , . . . n )  ( 2 .6 7 )
w here  u s e  h a s  been  made o f  Eq. 2 .5 0 a  to  c a n c e l  th e  p'v te rm s  from  t h e
e q u a t i o n  ab o v e .  The w a l l  e n e rg y  b a l a n c e  (E q .  2 .6 5 )  may a l s o  be  s i m p l i f i e d
v 2
by n e g l e c t i n g  th e  k i n e t i c  e n e rg y  o f  th e  f l u i d  ) s i n c e  i t  i s  s m a l l  
when com pared to  t h e  th e rm a l  e n e r g y .  When t h i s  i s  done Eq. 2 ,6 5  becomes
n am n a r ,
p v ( ?  C ih i )  -  k  —  -  P D (E h i  I-JL) + q
1 dy  i  dy  R>y
( 2 . 68)
[p v (£  C ih i )  -  k -  PD (E h i  l £ i )  4- q ] 
i  dy  i  dy  R ,y
S in c e  a l l  t h e  o t h e r  b o u n d a ry  c o n d i t i o n s  a r e  o f  t h e  a r e  o f  t h e  f i r s t  
and second  k in d  and u n c o u p le d ,  w h i le  Eq. 2 ,6 8  i s  o f  t h e  t h i r d  k in d  and 
c o u p le d  t o  th e  s p e c i e s  c o n t i n u i t y  e q u a t io n ,  i t  was e x p e d i e n t  to  assum e 
t h a t  t h e  c h a r  i s  a t  t h e  s u b l i m a t i o n  t e m p e r a t u r e  o f  c a rb o n :
T = TW a t  y = 0 ( 2 .6 9 )
U n t i l  now we have  assumed t h a t  6 ( t h e  s h o c k  s t a n d - o f f  d i s t a n c e )  i s  
known, a n e c e s s a r y  c o n d i t i o n  to  b e  a b l e  t o  i n t e g r a t e  th e  e q u a t i o n s  o f  th e  
f l o w - f i e l d .  In  p r a c t i c e ,  6 i s  unknown and t h e r e f o r e  m ust be  g u e sse d  t o  
b e  a b l e  to  com pute i t  c o r r e c t l y .  T h is  b o u n d a ry  c o n d i t i o n  i s  o b t a in e d  by
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e v a l u a t i n g  t h e  g l o b a l  c o n t i n u i t y  e q u a t i o n  a t  t h e  shock
d ^ v> ”  - 2 f a *  <1^  n a t y  = 6 <2- 70>J x  = 0
T a b le  2 .9  g iv e s  a  summary o f  t h e  s t a g n a t i o n  l i n e  model i n c l u d i n g
t h e  c o n s e r v a t i o n  e q u a t i o n s ,  t h e  e q u a t i o n  o f  s t a t e  and t h e  b o u n d a ry  con­
d i t i o n s .
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TABLE 2.9
SUMMARY OF THE STAGNATION LINE MODEL
G overn ing  E q u a t i o n s :
S p e c ie s  c o n t i n u i t y :
dC.
1 dC.
lit” dy >. Pv _i + „ . o
dy dy 1
X-momentum:
E nergy :
_1 d (P v ) 1^  d ( Pv)
dj '
A x
dy
d[1l (p  dy j _ d (P  d y  )
— dy dy
2 3u,
2 'p dy  > -  * ^  < 3 *  „J x  = 0
+  T  -  4 ( 1 - P )  f c ?  P ..  u j 2
dT n dC.
m dy > .  pvC + i l P O  ( H ^ )  ] 
dy p dy dy 1
„ 2 dv dCl ,  dqR,y
- P v  ^  -  Pv -  - d T 1 ' 0
Therm al e q u a t i o n  o f  s t a t e ;
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TABLE 2.9 (CONTINUED)
Boundary C o n d i t i o n s :
W all (y = 0) Shock (y = 6)
1 . Pv = (Pv) ( 2 .5 0 a )  w 1 . pv = (pv). ( 2 .6 4 )
2i = o (2 .5 0 c )
dy
3. C. = C. ( 2 .6 7 )x i  ,w
2. 4 ^  = -2p. . C|^ ) (2.70)dy
3 . C. = C
6 ,o  9x x =0
( 2 .5 0 j )
4 .  T = Tw ( 2 . 68 ) 4 .  T -  T. ( 2 .6 9 )
CHAPTER 3
THERMODYNAMIC, TRANSPORT, KINETIC,
AND RADIATIVE PROPERTIES
The the rm odynam ic , t r a n s p o r t ,  k i n e t i c ,  and  r a d i a t i v e  p r o p e r t i e s  
o f  t h e  m ix tu re  o f  a i r  and a b l a t i o n  s p e c i e s  w hich  a r e  n e c e s s a r y  t o  s a l v e  
t h e  c o n s e r v a t i o n  e q u a t i o n s  t h a t  w e re  p r e s e n te d  i n  t h e  p re v io u s  c h a p t e r  
a r e  e v a lu a te d  w i th  t h e  m ethods d e s c r i b e d  in  t h i s  c h a p t e r .
THERMODYNAMIC PROPERTIES
Thermodynamic P r o p e r t i e s  o f  P u re  S p e c i e s  a t  S ta n d a rd  S t a t e
The s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e ,  e n t h a l p y ,  e n t ro p y ,  and  
G ibbs  f r e e  en e rg y  o f  t h e  p u re  s p e c i e s  a t  one a t m o s p h e r e  p r e s s u r e ( s t a n d ­
a r d  s t a t e )  w ere o b t a i n e d  by E s c h , e t . a l .  (Ref. 3 . 1 ) .  T h is  was a c c o m p lish e d  
by c u rv e  f i t t i n g  w i t h  th e  method o f  l e a s t  s q u a r e s ,  t e m p e r a tu r e  polynom ­
i a l s  t o  d a t a  found  i n  t h e  l i t e r a t u r e .  The p o ly n o m ia l s  used to  f i t  t h e  
therm odynam ic p r o p e r t i e s  a r e  g iv e n  i n  T ab le  3 . 1 .  F o r  each  s p e c i e s ,  two 
d i f f e r e n t  f i t s  w e re  made, one f o r  low  t e m p e r a t u r e s  (1000°K <_ T <_ 6000°K) 
and  th e  o th e r  f o r  h i g h  t e m p e r a tu r e s  (6000°K <_ T <_ 1 5 ,0 0 0 °K ) .  F o r  ea c h  
s p e c i e s ,  th e  c o e f f i c i e n t s  f o r  t h e  e x p r e s s io n s  i n  T a b le  3 .1  a r e  g iv e n  i n  
T a b le  3 .2  f o r  t h e  two t e m p e ra tu r e  r a n g e s .  Each te rm  i n  Eqs. 3 .1  -  3 .4  
i s  d i m e n s i o n l e s s ,  t e m p e r a tu r e  i s  i n  a K and IR = 1 .9 8 7  c a l /g m o le  -  °K, 
t h e r e f o r e  th e  u n i t s  o f  th e  therm odynam ic p r o p e r t i e s  a r e  a s  g iv e n  b e lo w  
C p i  = [ c a l /g m o le  o f  i  -  °K]
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TABLE 3 .1  POLYNOMINAL EQUATIONS FOR 
STANDARD THERMODYNAMIC PROPERTIES
S p e c i f i c  H ea t  
C ° .
= A, . + A„T. +  A„T^ + A T 3 +  A t J  ,R l , i  2 , i  3 i  4 , i  5 , i  ( 3 .1 )
E n th a lp y  
h . °
"[RT = Al , i
 A„ . A„ .„  A, , _ Ac . A,. .
~  = A, , + - ^ T  + - - T +  ■ 4 ; - -T + — ^~  T + ( 3 .2 )
E ntropy
S? A „ . A . ,„  A
f l  ’  Al i n I  + A2 * i  + “ P *  +  - P 1  +  - P 1  + A7 , i  ( 3 .3 )
F ree  E nergy
F. A„ r A, , n A, ,_ A_ . , A,
- r i  = ^  ( 1 - ln T )  ~ ?1' T ------- * - x  ■ ■— t f  4.
JRT l , i U  } 2 6 12 20 T
( 3 .4 )
TABLE 3.2
•POLYNOMIAL COEFFICIENTS FOR THERMODYNAMIC PROPERTY CORRELATIONS
S o e c ie s  Ai * _ , A 2 . i A3 . i A 4 . i A 5 . i. A 6 . i A 7 .1 T*
C + 0 . 2 6 0 9 E 01 - 0  .  1 3 9 3 E - 0 3 0 . 5 9 5 9 6 - 0 7 - 0 . 1 0 J 7 E -  1 0 0 . 6 3 4 5 E —15 0 . 2 1 6 R E 0 6 0 . 3 7 C 9 E 01 L
0 . 2 5 2 8 E Cl 0 . 4 6 6 9 E - 0 5 - 0 . 7 0 2 6 E - C 8 0 . 1 1 J 4 E - 1  1 - G . 3 4 7 6 E - 1 6 0 . 2 1 6 8 E 0 6 0 . 4 1 3 9 E 01 H
H 0 . 2 5 0 0 E 01 - 0 . 8 2 4 3 E - 0 6 C . 6 4 2 1 E - 0 9 - 0 • 1 7 2 0 E - 1 2 0 .  1 4 5 7 E - 1 6 0 . 2 5 4  7E 0 5 —G . 4 6 1 2 E CO L'
0 . 3 9 3 4 E Cl —0 . 1 7 7 6 E —0 2 0 . 6 0 1 3 E - C 6 - C • 7 8 1 9 E - 1 0 C• 3 4 8 2 E - 1 4 0 . 2 5 4 7 E 0 5 - 0 . 8 5 9 8 E Cl f-
N + 0 . 2 7 2 7 E Cl - 0  . 2 6 2 0 E - 0 3 C . 1 1 C 5 E - C 6 - 0 .  15 b 1 E— 1 0 0 • 7 8 4 7 E —1 5 0 . 2 2 5 4 E 0 6 0 . 3 6 4 5 E Cl L
0 . 2 4 9 9 E 01 —0 • 3 7 2 5 E —0 5 0 . 1 1 4  7E—0 7 - 0 • 1 1 0 2 E — 11 0 . 3 0 7 8 E - 1 6 0 . 2 2 5 4 E 0 6 0 . 4 9 5 0 E 01 H
G + 0 * 2 4 9  IE 0 1 0 . 2 7 6 2 E - 0 4 - o . i a e i E - 0 7 0 . 3 8 0 7 E — I 1 - 0 .  1 0 2 8 E - 1 5 0  .  1 8 7 9 E 0 6 0 ■ 4 4 2 4 6 01 L
0 . 2 9 4 4 E 0 1 - 0 . 4 1 0 8 E - 0 3 C . 9 1 5 6 E - C 7 - 0 • 5 8 4 8 E - 1  1 0 • 1 1 9 0 E - 1 5 0 . 1 8 7 9 E 0 6 0 . 1 7 5  0E 01 H
E - 0 . 2 5 0 0 E Cl 0 . 3 4 4  0 E - 0 6 - 0 . 1 9 5 4  E— 0 9 0 . 3 9 3 7 E - 1 3 - 0 • 2 5 7 3 E — 1 7 - 0 . 7 4 5 0 E 0 3 - 0 . 1  1 7 3 E 0 2 L
0 . 2 5 0 8 E Cl - 0 . 6 3 3 2 E - 0 5 0 .  1 3 6 4 E - G 6 - 0 • 1 C 9 4 E - 1 2 0 • 2 9 3 4 E —1 7 - 0 . 7 4 5 0 E 0 3 - 0 . 1 2 0 8 E 0 2 H
C 0 . 2 6 1 2 E Cl - 0 . 2 0 3 0 E - 0 3 0 . 1 0 9 E E - C 6 - 0 . 1 6 9 5 E - 1 0 0 • 8 5 9 C E —15 0 . 8 5 4 2 E 0 5 0 . 4 1 4 4 E Cl L'
0 . 2 1 4  IE Cl 0 . 3 2  I 9 E - 0  3 - 0 . 5 4 9 8 6 - 0 7 0 . 3 6 0 4  E—11 - 0 • 5 5 6 4 E —1 6 0 . 8 5 4 2 E 0 5 0 . 6 8 7 4 E Cl H
CN 0 . 3 4 1  IE 0 1 0 . 4 8 9 7 E - 0 3 0 .  1 0 C 5 E - C 6 - 0 . 3 4 7 3 E - 1 0 c • 2 3 6  I E —14 0 . 4 7 4 5 E 0 5 0 . 4 7 4 6 E Cl L
0 . 3 4 7 JE Cl 0 . 7 3 3 7 E - 0 3 - 0  . 9 0 8 0 6 - 0 7 c . 4 8 4 7 E - 1 1 - 0 . 1 0 i e E - 1 5 0 . 5 4 2 0  E 0 5 0 . 4 1  5 2  E C 1 H
CO 0 . 3 2 S 4 E C 1 0 . 9 6 9  8 £ — C 3 - 0 . 2 6 4 7 E - C 6 0 . 3 0 3 7 E - 1 0 - c . 1 1 7 7 E -  1 4 - 0  .  1 4 3 4 E 0 5 0 • 4  8 7 5 E Cl L-
0 . 3 3 6 6 E Cl 0 . 8 0 2 7 E - 0 3 - 0 . 1 9 6 8 E - 0 6 0 .  1 9 4 0 E - 1 0 - 0 . 5 5 4 9 E —I 5 - 0  .  1 4 3 4 E 0 5 0 . 4 2 6 3 6 Cl t-
C2 0 . 4 4 4 3 E 01 - 0 . 2 8 8 5 E - 0 3 0 . 3 0 3 6 E - C 6 - c • 6 2 4 4 E —1 0 0 . 3 9 1 5 E - 1 4 0 . 9 7 8 7 E 0 5 - 0 . 1 0 9 0 E 01 L
0 . 4 0 2 6 E Cl 0 . 4 8 5 7 E - 0 3 - 0  .  7 0  2 6 E —0 7 0 . 4  6 6 6  E—11 - 0 . 1 1 4 2 E - 1 5 0 . 9 7 8 7 E 0 5 0 . 1 C 9 0 E 01 h
C2H 0 . 3 4 8 5 E Cl 0 . 3 5 6 3 E - 0 2 — 0 •  1 2 3 7 E - 0 5 0 . 1 8 6 6 E - C 9 - c .  l 0 i 3 E - l 3 0  • 5 3 0 9 E 0 5 0 . 4  7 8 4 6 Cl L
0 . 5 3 0 7 E Cl 0 . 8 9 6 6 E —0 3 - 0 . 1 3 7 e E - C 6 0 • 9 2 5 1  E—.1 1 - c . 2 2 7 8 E - 1 5 0 . 5 e 0 9 E 0 5 - 0  . 5 2 8 8 E Cl H
* T em p era tu re  Range L = 1000-6000oK, H = 6000-15000°K
a*
TABLE 3.2 (Continued)
S p e c i e s A l . i A 2 . i A 3 , i A 4 , i  A 5 t i A&, i A 7 , i T*
C 2 H 2 0 . 3 8 9  IE 01 0 . 5 7 1 7 E - 0 2 - C . 1 9 5 7 E - C S 0 . 2 5 3 1 E— 0 9  —0 . 1 5 8 5  E—13 0 . 2 5 9 0 E 0 5 0 . 6 5  2 0  E CO L.
0 . 6 7 8 9 E 01 0 . 1 5 0 3 E - 0 2 - 0  . 2 2 9 5 E - G 6 0 . 1 5 3 4 E - 1 0  — 0 • 3 7 6 3 E —15 0 . 2 S 9 0 E 0 5 - 0 . 1 5 3 9 E C 2 H
C3 0 . 4 0 0 2 E 01 0 . 3 5 4  I E —0 2 - 0  .  1 3 1 8 E - C 5 0 « 2 C 6 4 E —0 9  - C . 1 1 4 4 E - 1 3 0 . 9 4 2 3 E 0 5 0 . 2 C 2 0 E Cl L
0 . 2 2 1 3 E 0 2 - 0  .  1 7 S 9 E - 0  1 0 . S 5 6 5 E - C 5 — 0 • 6 7  5 8 E — 0 9  C . 2 8 2 5 E - 1 3 0 . 9 4 2 3 E 0 5 - 0  . 1 0 2 1 E 0 3 h
C3H 0 . 3 9 6 5 E 0 1 0  . 6 2 0 0 E - 0 2 - 0  . 2 2 6 5 E - C 5 0 . 3 7 1 7 E —0 9  — 0 . 2 2  6 2 E —1 3 0 . 6 2 S 3 E 0 5 0 . 3 4 6 7 E 01 L
0 . 3 9 6 5 E Cl 0 . 6 2 0 0 E - 0 2 - 0 . 2 2 6 S E - 0 5 0 . 3 7 1 7 6 - 0 9  —0 * 2 2 6 2 E —1 3 0 . 6 2 8 3 E 0 5 0 . 3 4 G 7 E Cl H
C4H 0 . 5 8 7 4 E 01 0 . 7 4 0 3 E - 0 2 —0 . 2 7 2 9 E —0 5 0 . 4 4 3 7 E - 0 9  - 0 . 2 6 3 7 E - 1 3 0 . 7 G 0 5 E 0 5 - 0 . 4 0 1 0 E 01 L
0 . 5 8 7 4 E 01 0 . 7 4 0 3 E - 0 2 - 0 . 2 7 2 9 E - C 5 0 . 4 4  3 7 E —0 9  - C . 2 6 3 7 E - 1 3 0 . 7 6 C 5 C 0 5 - 0 . 4 0 1 0 E 01 H
_ HCN 0 . 3 6 S 4 E 01 0 . 3 4 4 4 E - 0 2 - 0  .  1 2 5 8 E - C 5 0 . 2 1 6 9 E - 0 9  —0 . 1 4 3 0 E —1 3 0 .  1 4 4 2 E 0 5 0 . 2 3 7 3 E 01 L
0 . 3 6 5 4 E Cl Q . 3 4 4 4 E - 0 2 - 0 .  1 2 5 S E - C E 0 . 2 1 6 9 E - 0 9  —0 • 1 4 3 C E —13 0  .  1 4 4 2 E 0 5 0 . 2 3 7 3 6 Cl H
H2 0 . 3 3 5  8E Cl 0 . 2 7 9 4 E - 0  3 0 . 9 3 7 2 E - C 7 - C . 2 9 4 8 6 - 1 0  0 . 2 1 4  LE—1 4 - 0  .  1 0  1 8 E 0 4 - 0 . 3 5 4 8 E 0 1 L
0 . 3 3 6 3 E Cl C . 4 6 5 6 E - 0 3 - 0 . 5 1 2 7 E - C 7 0 . 2 8 0 2 6 - 1 1  - 0 . 4 9 0 S E - 1 6 - 0  . 1 0 1 8 6 0 4 - 0  . 3 7 1 6 E 01 h
N 0 . 2 4 7 4 E 01 0 . 9 0 9 7 E - 0 4 - 0  . 7 8 1 4 6 - 0 7 0 . 2 2 1 8 6 - 1 0  - 0 . 1 4 8 9 E - 1 4 0 • 5 6 0 9 E OS 0 . 4  3 COE Cl L
0 . 2 7 4 6 E Cl - 0 . 3 9 0 9 E - 0 3 0 .  1 3 3 8 E - 0 G — 0 . 1 1 9  I E —1 0  0 . 3 3 6 9 E —I S 0 ■ 5 GC9E 0 5 0 . 2 3 7 2 E Cl h
Q 0 . 2 6 7 0 E Cl - 0  . 1 9 7 0 E - C 3 C . 7 1 5 3 6 - 0  7 - 0 . 8 5 0 1 6 - 1 1  0 . 4 C C 2 E - 1 5 0 . 2 9 1 5 6 0 5 0 . 4 S C 4 E Cl L
0 . 2 5 4 8 E 01 - 0  . 5 9 5 2 E —0 4 0 . 2 7 0 1 E - C 7 - 0 . 2 7 9 8 E —11 0 . 9 3 8 0 E - 1 6 0 . 2 9 1 5 E 0 5 0 . 5 0 4 9 E 01 h
N2 0 . 3 2 2  IE 0 1 0 . 5 8 7 8 6 - 0 3 - 0 . 2 9 C 7 E - C 6 0 . 3 9 J 8 E - 1 0  - 0 . 2 0 C 0 6 - 1 4 - 0 . 1 0 4 3 E 0 4 0 . 4 J 2 G E Cl L
0 . 3 7 2 7 E C I 0 . 4 6 8 4 E —0 3 - 0 . 1 1 4CE- CG C . 1 1 5 4 6 —10 - 0 . 3 2 5 3 6 - 1 5 - 0 . I G4  3E 0 4 0 . 1 2 9 4 E C 1 H
0 2 0 . 3 J 1 6 E 01 0 .  1 1 5  1 E—0 2 - 0  .  J 7 2 G 6 - C G 0 . 6 1 8 6 E - I C  - 0 . 3 G G G E - 1 4 - 0  .  1 0 4 0 6 0 4 0 » 5 3 9 3 E 01 L
0 . 3 7 2 1 E C 1 0 . 4 2 S 4 E - C 3 - 0 . 2 8 J 5 E - C 7 0 . G C 5 0 E - 1 2  r - 0 . S l 8 e E - 1 7 - 0 . 1 0 4 4 E 0 4 0 . 3 2 5 4 E Cl h
* T e m p e r a t u r e  R a n g e  L = 1 0 0 0 - 6 0 0 0 o K ,  H = 6 0 0 0 - 1 5 , 0 0 0 ° K
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h° = [ c a l /g m o le  o f  i ]  
i
S° = [ c a l /g m o le  o f  i  -  °K) 
i
F? = [ c a l /g m o le  o f  i ]
Thermodynamic P r o p e r t i e s  o f  P u re  S p e c i e s  a t  A r b i t r a r y  S t a t e
E x p r e s s io n s  f o r  th e  therm odynam ic p r o p e r t i e s  o f  p u r e  s p e c i e s  a t  
a r b i t r a r y  p r e s s u r e s  and t e m p e r a t u r e s  a r e  p r e d i c t e d  i n  t h e  f o l l o w in g  
m anner .  The s p e c i e s  a r e  assumed to  b e  i d e a l  g a s e s  so t h a t  (R e f .  3 ,2 )  
h i  = h ± (T) = h ±° ( 3 .5 )
and s i n c e  = (3 h ^ /9 T )p  th e n
c P i  “  CP i  (T) = cP i °  (3 -6 )
I n  o t h e r  w o rd s ,  b o th  t h e  e n t h a lp y  and th e  s p e c i f i c  h e a t  a t  c o n s t a n t  p r e ­
s s u r e  a r e  in d e p e n d e n t  o f  p r e s s u r e .  On th e  o t h e r  hand l e t  u s  exam ine en­
t r o p y ,  from  t h e  f i r s t  law  o f  the rm odynam ics
dh = TdS + 1  dP ( 3 .7 )
i  i  i
w here  X i i s  t h e  m o la r  c o n c e n t r a t i o n  o f  s p e c i e s  i  (m oles o f  i / v o lu r a e ) .
R e w r i t t i n g  Eq. 3 .7  g iv e s
dS. = i  d h i  -  dP (3 .8 )
i  T
From th e  th e rm a l  e q u a t i o n  o f  s t a t e  f o r  an  i d e a l  gas
P = X |RT (3 .9 )
i
and Eq. 3 .8  c a n  b e  r e w r i t t e n  a s
dSi  = y  d h i  -  (R d ( In P )  (3 .1 0 )
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and i n t e g r a t e d  to  y i e l d
Si  (T ,P )  *» ; i  d h i  -  )R In  P + A ( 3 .1 1 )
w here  Ag ^ is  a n  i n t e g r a t i o n  c o n s t a n t .  I n  o r d e r  to  e v a l u a t e  Ag ^ we make 
u s e  o f  t h e  f a c t  t h a t  ( T , l )  = S? and  o b t a i n  (by e v a l u a t i n g  Eq, 3 .1 1  a t  
p = 1 a t m o s p h e r e ) .
A8 , i  = Si °  -  ' i d h i  ( 3 .1 2 )
S u b s t i t u t i o n  o f  Eq. 3 .1 2  i n  Eq. 3 .1 1  y i e l d s
S± = S± (T ,F ) = S . °  -  IR I n  P (3 .1 3 )
The G ibbs  f r e e  e n e rg y  i s  d e f in e d  a s
F± = h i  -  TSi  ( 3 .1 4 )
s u b s t i t u t i o n  o f  Eqs. 3 ,5  and 3 .1 3  i n  th e  ab o v e  e q u a t io n  r e s u l t s  i n
= h i °  -  TSi ° -  IRT I n  P ( 3 .1 5 )
o r
F i  = Fi  <T»P> = F i °  + IRT I n  P (3 .1 6 )
s i n c e
*= h i °  -  TSj,0 
Thermodynamic P r o p e r t i e s  o f  M ix tu r e s
For e a c h  s p e c i e s  i n  a m i x tu r e  c o n s i s t i n g  o f  a  t o t a l  o f  n g a s e o u s
s p e c i e s  t h e  therm odynam ic p r o p e r t i e s  a r e  g iv e n  by
h ± = h ± (T) = h ±° ( 3 .1 7 )
Cp i  = CP1 (T) = Cp i ° ( 3 .1 8 )
S± = S± (T ,P ) = - ( R  I n  P± ( 3 .1 9 )
Fi  = F i  <T»p ) = F i °  + ^  l n  p i  ( 3 .2 0 )
w here  P-£ i s  t h e  p a r t i a l  p r e s s u r e  o f  s p e c i e s  i  ( a tm o s p h e r e ) .  M ix tu re
p r o p e r t i e s  a r e  th e n  g iv e n  by
n
h = X hj; [ c a l . / g m o l e  o f  m i x tu r e ]  ( 3 .2 1 )
i
n
Cp = Z y C [ c a l . / g m o l e  o f  m ix tu r e  -  °K] ( 3 .2 2 )
i  i  P i
S = K y S [ c a l . / g m o l e  o f  m i x tu r e  -  °K] (3 .2 3 )
i  i  i
F = 2 y .  F. [ c a l . / g m o l e  o f  m ix tu r e ]  ( 3 .2 4 )
i  X
w here y i  i s  th e  i * ^  s p e c i e s  mole f r a c t i o n  (gm ole o f  i / g m o l e  o f  m ix tu r e )  
a n d  t h e  u n i t s  o f  ea c h  p r o p e r t y  a r e  g iv e n  by  t h e  te rm s  i n  b r a c k e t s .  
TRANSPORT PROPERTIES
P r e s e n t l y  a v a i l a b l e  t r a n s p o r t  p r o p e r t i e s  d a t a  f o r  a i r  and a b l a t i o n  
p r o d u c t s  a r e  e x t r e m e ly  l i m i t e d  b e c a u s e  o f  t h e  d i f f i c u l t i e s  in v o lv e d  w i th  
e x p e r i m e n t a l  m easu rem en ts  a t  t h e  e x t r e m e ly  h ig h  t e m p e r a t u r e s  o f  i n t e r e s t .  
Thus, i t  i s  n e c e s s a r y  to  r e l y  h e a v i l y  on p r o p e r t i e s  o b ta in e d  from th e o ­
r e t i c a l  p r e d i c t i o n s  l i k e  t h e  Chapraan-Enskog k i n e t i c  th e o r y  (R ef .  3 . 3 ) .
At t h e  lo w e r  t e m p e r a t u r e s ,  w here  i o n i z a t i o n  h a s  n o t  y e t  begun  to  o c c u r ,  
t h e  c l a s s i c a l  f i r s t  o r d e r  Chapman-Enskog k i n e t i c  th e o r y  h a s  been  found  
to  b e  r e a s o n a b l y  a c c u r a t e .  However f o r  h ig h e r  t e m p e r a t u r e s  t h e  u s e  o f  
more r i g o r o u s  k i n e t i c  m ode ls  becom es n e c e s s a r y .  The t r a n s p o r t  p r o p e r ­
t i e s  u s e d  i n  th e  p r e s e n t  work w ere  o b ta in e d  by Esch  (R e f .  3 . 4 ) ;  i n  o r ­
d e r  t o  o b t a i n  s im p le  c l o s e d  form  e x p r e s s io n s  f o r  s p e c i e s  v i s c o s i t y  and  
th e rm a l  c o n d u c t i v i t y  t h e  t h e o r e t i c a l  r e s u l t s  r e p o r t e d  i n  t h e  l i t e r a t u r e  
w ere  c u r v e  f i t  w i th  p o ly n o m in a l  e x p r e s s i o n s  i n  t e m p e r a t u r e .
V i s c o s i t y
The s p e c i e s  v i s c o s i t y  d a t a  o b t a i n e d  from  t h e o r e t i c a l  p r e d i c t i o n s
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w ere  c u rv e  f i t  t o  a  second  d e g r e e  p o ly n o m ia l  i n  t e m p e r a tu r e
p .  = a .  + b .T  +  c . T 2 ( 3 .2 5 )1 i  1 i
I n  t h e  above r e l a t i o n  t e m p e r a tu r e  i s  i n  °K, p i  i s  i n  Ibm o f  i / f t - s e c  and
t h e  c o e f f i c i e n t s  a ^ ,  b ^ ,  and c ^  a r e  g iv e n  i n  T a b le  3 . 3 .  F o r  a  m ix tu re  
c o n s i s t i n g  o f  n  g a s e o u s  s p e c i e s  v i s c o s i t y  was p r e d i c t e d  by t h e  B uddenberg -  
W ilk e  model (R e f .  3 .5 )
y .  P.
p = 2 --- ( 3 .2 6 )
i  |  y±
w h ere
t i l
and i s  th e  i  s p e c i e s  m o l e c u la r  w e ig h t .
T herm al C o n d u c t iv i t y
The s p e c i e s  th e rm a l  c o n d u c t i v i t i e s  w ere  o b t a in e d  from  l i n e a r  f i t s  
o f  t h e o r e t i c a l  r e s u l t s :
K i = d i  + e ±T (3 .2 8 )
a g a i n  T i s  i n  DK, k^ i s  i n  °K, k^ i s  i n  B T U /ft  -  s e c  -  °R and th e  c o e f ­
f i c i e n t s  d .  and e n- a r e  g iv e n  i n  T a b le  3 . 4 .  M i s t u r e  th e rm a l  c o n d u c t i v i t y  
i s  compared by
n  y i  k ik = £ n x ■■ (3 .2 9 )
i  ? y i  <f>iix J
w h ere  a s  b e f o r e  <|>ij i s  g iv e n  by Eq. 3 .2 7 .
B in a r y  D i f f u s i o n
The c o e f f i c i e n t  o f  b i n a r y  d i f f u s i o n  was assumed to  be  a  f u n c t i o n  o f  
t e m p e r a t u r e  and p r e s s u r e  a s  f o l l o w s  (R ef.  3 . 4 ) :
= 8 .1 2 8 x l0 ~ 8 T1 ,659  ( 3 .3 0 )
TABLE 3 .3  
CONSTANTS FOR VISCOSITY CORRELATION
Mi  = . i  ♦  b i T  * C i T*
S p e c i e s a ' x  1 0 5 b  x  10 7 c  x  1 0 12 T e m p e r a t u r e  R a n g e  ( ° K )
02 1 . 6 9 3 0 . 1 4 9 6 - 0 . 2 2 7 6 2 , 0 0 0 - 1 0 , 0 0 0
n 2 0 . 9 7 0 0 . 1 6 1 3 - 0 . 1 9 1 6 2 , 0 0 0 - 1 0 , 0 0 0
0 1 . 5 1 9 0 . 1 8 7 5 -0  . 2 2 2 8 2 , 0 0 0 - 1 0 , 0 0 0
N ' 0 . 2 5 3 0 . 2 2 0 6 - 0 . 3 7 3 7 2 , 0 0 0 - 1 0 , 0 0 0
0 + 0 . 0 0 . 0 5 0 0 - 0 . 1 0 0 0 8 , 0 0 0 - 1 5 , 0 0 0
N + 0 .0 0 . 0 5 0 0 - 0 . 1 0 0 0 8 , 0 0 0 - 1 5 , 0 0 0
e  “ 0 . 0 0 . 0 5 0 0 - 0 . 1 0 0 0 . 8 , 0 0 0 - 1 5 , 0 0 0
. C 1 . 9 9 7 0 . 1 7 7 2 - 0 . 3 3 7 8 5 , 0 0 0 - 1 0 , 0 0 0
H 0 . 2 9 4 0 . 0 8 8 9 - 0 . 0 8 1 1 4 , 0 0 0 - 1 0 , 0 0 0
«2 - 0 . 0 7 9 0 . 0 7 9 1 - 0 . 0 8 8 6 4 , 0 0 0 - 1 0 , 0 0 0
CO 2 . 4 0 4 0 . 1 3 6 3 - 0 . 2 1 8 4 4 , 0 0 0 -  9 , 0 0 0
C 3 2 . 0 1 9 0 . 1 1 7 9 - 0  . 1 6 5 5 1 , 0 0 0 -  5 , 0 0 0
CN 2 . 4 0 4 0 . 1 3 6 3 - 0 . 2 1 8 4 4 , 0 0 0 -  9 , 0 0 0
c 2 H 2 . 4 0 4 0 . 1 3 6 3 - 0 . 2 1 8 4 4 , 0 0 0 -  9 , 0 0 0
C2H2 1 . 3 9 6 0 . 0 8 4 2 - 0 . 6 9 3 9 1 , 0 0 0 -  5 , 0 0 0
c 3 h 2 . 0 1 9 0 . 1 1 7 9 - 0 . 1 6 5 5 1 , 0 0 0 -  5 , 0 0 0
c 4 h 2 . 0 1 9 0 . 1 1 7 9 - 0 . 1 6 5 5 1 , 0 0 0 -  5 , 0 0 0
HCN 1 . 3 7 8 0 . 0 9 6 5 - 0 . 0 9 4 8 1 , 0 0 0 -  5 , 0 0 0
c2 1 . 9 3 1 0 . 1 3 9 3 - 0 . 2 5 7 5 4 , 0 0 0 -  9 , 0 0 0
c+ ■ 0 . 0 0 . 0 5 0 0 - 0 . 1 0 0 0 8 , 0 0 0 - 1 5 , 0 0 0
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TABLE 3 A
CONSTANTS FOR THERMAL CONDUCTIVITY CORRELATION 
a i  +  b i T  ( B T U / f t - s e c - ° R )
T e m p e r a t u r e
S p e c i e s  a  x  1 0 5 b  x  1 0 8 R a n g e  ( ° K )
0 2 1 . 0 1 9 0 . 4 9 0 1 2 , 0 0 0 - 1 0 , 0 0 0
N 2 0 . 6 5 4 0 . 6 4 5 7 2 , 0 0 0 - 1 0 , 0 0 0
0 1 . 2 5 0 0 . 7 0 9 2 2 , 0 0 0 - 1 0 , 0 0 0
N 1 . 2 8 1 0 . 8 5 9 3 2 , 0 0 0 - 1 0 , 0 0 0
0 + 2 6 . 0 0 . 0 8 , 0 0 0 - 1 5 , 0 0 0
N+ 2 6 . 0 0 . 0 8 , 0 0 0 - 1 5 , 0 0 0
e  ” 2 6 . 0 0 . 0 8 , 0 0 0 - 1 5 , 0 0 0
C 2 . 5 0 6 0 . 7 4 7 9 5 , 0 0 0 - 1 0 , 0 0 0
11 2 . 4 9 6 5 . 1 2 9 4 , 0 0 0 - 1 0 , 0 0 0
«2 3 . 2 1 1 5 . 3 4 4 4 , 0 0 0 - 1 0 , 0 0 0
CO 0 . 8 5 9 0 . 6 2 3 3 1 , 0 0 0 -  5 , 0 0 0
C3 0 . 6 3 0 0 . 5 8 0 4 1 , 0 0 0 -  5 , 0 0 0
ON 0 . 8 5 9 0 . 6 2 3 3 2 , 0 0 0 - 1 0 , 0 0 0
c 2 h 1 . 1 2 6 0 . 7 4 3 9 1 , 0 0 0 -  5 , 0 0 0
C2H2 1 . 1 2 6 0 . 7 4 3 9 1 , 0 0 0 -  5 , 0 0 0
c 3 h 0 . 6 3 0 0 . 5 8 0 4 1 , 0 0 0 -  5 , 0 0 0
C 4H 0 . 6 3 0 0 . 5 8 0 4 1 , 0 0 0 -  5 , 0 0 0
HCN 0 . 4 8 6 0 . 8 7 1 4 1 , 0 0 0 -  5 , 0 0 0
c2 0 . 8 5 9 0 . 6 2 3 3 1 , 0 0 0 -  5 , 0 0 0
c+ 2 6 . 0 0 . 0 8 , 0 0 0 - 1 5 , 0 0 0
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w here  T i s  i n  °K, P i s  i n  a tm o s p h e re s ,  and  D i s  i n  f t ^ / s e c .
C hem ica l K i n e t i c s
F o r m u la t io n  o f  a  k i n e t i c s  model t h a t  d e s c r i b e s  th e  c h e m ic a l  r e a c ­
t i o n s  i n  t h e  f l o w - f i e l d  r e q u i r e s  t h e  i n v e s t i g a t i o n  o f  in n u m e ra b le  p o s ­
s i b l e  r e a c t i o n s  t h a t  can  t a k e  p l a c e  among t h e  a i r  and a b l a t i o n  p r o d u c t  
s p e c i e s  t h a t  a r e  p r e s e n t  i n  t h e  shock  l a y e r .  B eca u se  o f  th e  c o m p le x i ty  
a s s o c i a t e d  w i th  k i n e t i c s  m o d e ls  i n v o l v i n g  a  l a r g e  number o f  r e a c t i o n s  
o n ly  t h o s e  r e a c t i o n s  t h a t  a r e  im p o r ta n t  may b e  c o n s i d e r e d .  I n  o t h e r  
w o rd s ,  we se e k  t o  d e v e lo p  t h e  s i m p l e s t  m ode l c a p a b le  o f  a c c u r a t e l y  d e s ­
c r i b i n g  th e  c h e m ic a l  k i n e t i c s  o f  t h e  f l o w - f i e l d .
Suppose t h a t  a  number m o f  c h e m ic a l  r e a c t i o n s  o f  t h e  form
|  S f t  ?  S i  ( j  = 1 , . . .  ,m) (3 .3 1 )
w here  n i s  t h e  t o t a l  number o f  s p e c i e s  i n  t h e  s y s te m ,  and v ^ j  and 
a r e  t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  o f  t h e  r e a c t a n t s  and p r o d u c t s  i n  th e  
r e a c t i o n ,  r e s p e c t i v e l y ,  h av e  been  c h o s e n  as  a  k i n e t i c s  m o d e l ,  t h e n  
th e  r a t e  o f  g e n e r a t i o n  o f  s p e c i e s  i  due t o  f i n i t e - r a t e  c h e m ic a l  r e a c ­
t i o n s  (oii) i s  g iv e n  by t h e  Law o f  Mass A c t io n  (R e f .  3 .6 )  a s
W = £ ( v . .  -  V . . )  f .  M n ( * P )
i  j  U  i j  J  j  k  -  1  Mk  ( 3  3 2 )
-  ?  < v . .  -  v . . )  r ,  M .  B  ( i  =  1  n )
j  i J  13 J i  k = 1 Mk
w h ere  p i s  t h e  d e n s i t y ,  CL i s  th e  f t h  s p e c i e s  mass f r a c t i o n ,  Mi i s  t h e
m o l e c u l a r  w e ig h t  o f  s p e c i e s  i ,  and f .  and  r .  a r e  t h e  fo rw ard  and b a c k -
J J
ward r e a c t i o n  r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n ,  r e s p e c t i v e l y .  The
fo rw a rd  and backw ard  r e a c t i o n  r a t e  c o n s t a n t s  a r e  g e n e r a l l y  t a k e n  a s
f u n c t i o n s  o f  t e m p e r a t u r e  o f  t h e  form  (R e f .  3 .7 )
f j  « a f j  Tb f J exp  ( - e f j / t )  ( 3 .3 3 )
( j  ■> 1 , . . .  ,m)
r j  = aj-j Tb r j  exp ( - e r j / T )  ( 3 .3 4 )
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w here  a f j  T ^ f j  and a r j  T ^ f j  a r e  t h e  f r e q u e n c y  f a c t o r s ,  and e f j  and 
e r j  a r e  t h e  a c t i v a t i o n  e n e r g i e s  f o r  th e  fo rw a rd  and backw ard  r e ­
a c t i o n s ,  r e s p e c t i v e l y .
I n  p r a c t i c e ,  t h e  fo rw a rd  r e a c t i o n  r a t e  c o n s t a n t  i s  n o rm a l ly  mea­
su re d  e x p e r i m e n t a l l y  w h i l e  th e  backward r e a c t i o n  r a t e  c o n s t a n t  i s  o b ­
t a i n e d  a s  f o l l o w s :  A t e q u i l i b r i u m
( 3 . 3 5 )
o r
(,vV  - v  !)  f .  M. n f ~ )  = (vV. -  v ! . )  r .  M. S (r~~ )
i j  i3  J i  k = l  ^  J 1 k°1  \
~ s xt * Xf . n pC, (v, -  v, , )
= n fcr-^) ka ( j  = (3 .3 6 )
r  j  k = 1 Mk
The e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n  (K j) i s  g iv e n  by (R e f .  3 .8 )
?  <vk i  "  vk i } n p ck (vk i  "  v k i ) C3*37)K = (|RT)k k j  I  _  = l , . . . , m )
J k  -  1 k
w here  IR i s  t h e  i d e a l  g a s  c o n s t a n t .  S u b s t i t u t i o n  o f  Eq. 3 .3 7  i n  E q .
3 .3 6  a n d  s o lv in g  f o r  r^  y i e l d s
F '  v m ) - i  ( 3 ' 38)r ,  = ( RT) J J  f i  K. ( j  -
J J J
T h e r e f o r e ,  knowing t h e  fo rw ard  r e a c t i o n  r a t e  c o n s t a n t . a n d  th e  e q u i ­
l i b r i u m  c o n s t a n t  t h e  backw ard  r a t e  c o n s t a n t  c a n  be  o b t a i n e d  from  Eq, 
3 .3 8 .
T h e re  a r e  two m ethods  commonly u sed  t o  o b t a i n  t h e  e q u i l i b r i u m  
c o n s t a n t  o f  a r e a c t i o n .  The f i r s t  method c o n s i s t s  o f  com puting  th e  
c h e m ic a l  e q u i l i b r i u m  c o m p o s i t io n  o f  th e  s y s te m  f o r  a  r a n g e  o f  d i f f e r ­
e n t  t e m p e r a t u r e s  and u s in g  t h i s  d a t a  w i th  E q . 3 .3 7  t o  compute t h e  eq ­
u i l i b r i u m  c o n s t a n t  f o r  d i f f e r e n t  v a l u e s  o f  t e m p e r a t u r e .  T h is  s e t  o f  
v a l u e s  o f  e q u i l i b r i u m  c o n s t a n t  v e r s u s  t e m p e r a t u r e  can  be  c u r v e  f i t  w i th
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a n a l y t i c a l  e x p r e s s io n  f o r  K_.
Kj = vj  exp ( g j / T )  ( j  = l , . . . , m )  (3 .3 9 )
w here and gj a r e  c o n s t a n t s .  The seco n d  method c o n s i s t s  o f  u s i n g  th e  
e x p r e s s i o n  f o r  th e  e q u i l i b r i u m  c o n s t a n t  o b t a in e d  from therm odynam ics  
(R e f .  3 . 9 )
Kj = exp ( -A F j° / lR T )  ( j  = l , . . . , m )  (3 .4 0 )
w here  AF? i s  th e  s t a n d a r d  f r e e  e n e rg y  f o r  t h e  j t h  r e a c t i o n  and i s  g iv e n
by
= k = l  "  Vk^ ) F ° ( j  = ( 3 *41)
AF-: B„ , B„ . „ B,
— — = B1j (1 -  ln T l  -  - -3-  T  T -----RT j  K '  2 6 12
where
Br . . B, .
- I jL i T* + J & ii  _ B 
20 T 7 ,  j
T h e r e f o r e  t h e  e q u i l i b r i u m  c o n s t a n t  may be  o b t a in e d  from  t h e  s p e c i e s  s t a n ­
d a rd  f r e e  e n e rg y  e x p r e s s i o n s  g iv e n  i n  T a b le s  3 .1  and 3 . 2 .  The f i r s t  
method h a s  t h e  a d v a n ta g e  t h a t  when i t  i s  u sed  t h e  backw ard r e a c t i o n  r a t e  
c o n s t a n t  h a s  th e  same form  a s  Eq. 3 .3 4 ;  t h i s  can  be s e e n  by e l i m i n a t i n g
and Kj from Eq. 3 .3 8  by s u b s t i t u t i n g  E qs .  3 .3 3  and 3 .3 9  to  y i e l d
n
x .  = (RT) r  (Vk j  Vk j  Tbf j  exp t _ ( e ^_ +  3 _) / t ]  (3>A2)
( j  = 1 , , . . ,m)
Comparing E qs . 3 .4 2  and 3 .3 4  i t  i s  e v i d e n t  t h a t
n
2 fy" _ \
a  -  0R) k k j  k j  a
b r j  = b £ j + 1  (vJV = v k ’ ) ( 3 .4 3 )
e r j  = e f j  + gj
The se c o n d  m ethod, on  t h e  o t h e r  h a n d ,  does  n o t  y i e l d  an  e x p r e s s i o n  o f
t h e  fo rm  o f  Eq. 3 .3 4  s i n c e  AF^° i s  a p o ly n o m ia l  e x p r e s s i o n  ( s e e  Eq. 
3 . 4 ) .  The r e s u l t i n g  e x p r e s s io n  i s  t h e r e f o r e  cumbersome to  u s e .  On 
t h e  o t h e r  hand t h e  second method h a s  t h e  a d v a n ta g e  t h a t  K^ . i s  r e a d i l y  
o b t a i n e d  from  th e  s p e c i e s  s t a n d a r d  f r e e  e n e rg y  and d o e s  n o t  r e q u i r e  a  
r o u t i n e  f o r  com pu ting  c h e m ic a l  e q u i l i b r i u m  a s  d o e s  t h e  f i r s t  m e thod .
Up u n t i l  t h i s  p o i n t ,  t h i s  d i s c u s s i o n  h a s  b een  l i m i t e d  to  t h e  c a s e  
w here  t h e  k i n e t i c s  model was a l r e a d y  d e te rm in e d ;  h o w ev er ,  a s  w i l l  b e  
shown b e lo w , e s t a b l i s h i n g  an a p p r o p r i a t e  k i n e t i c s  model i s  n o t  a  s im p le  
t a s k .  I n f o r m a t io n  h a s  b een  c o l l e c t e d  o v e r  a p e r io d  o f  y e a r s  on th e  
c h e m i s t r y  o f  t h e  r e a c t i o n s  o f  a b l a t i o n  p r o d u c t s  and a i r  s p e c i e s ,  and 
t h i s  i n f o r m a t i o n  i s  s t o r e d  i n  t h e  fo rm  o f  a com puter im plem ented  d a t a  
management f i l e  w h ich  p r e s e n t l y  c o n t a i n s  s e v e r a l  th o u sa n d  r e a c t i o n s .
I t  was n e c e s s a r y  to  exam ine t h i s  e x t e n s i v e  s e t  o f  r e a c t i o n s  t o  a r r i v e  
a t  a  l i s t i n g  o f  m ost p ro b a b le  r e a c t i o n s  (R e f .  3 . 1 0 ) .  T hese  p r o b a b le  
r e a c t i o n s  w ere  s e l e c t e d  in v o l v in g  28 s p e c i e s .  C u r r e n t l y ,  i t  i s  n o t  
p o s s i b l e  to  c o n s i d e r  a  s o l u t i o n  o f  t h e  c o n s e r v a t i o n  e q u a t i o n s  w i th  
t h i s  many s p e c i e s  and r e a c t i o n s .  F u r th e rm o re ,  r a t e  d a t a  w ere  n o t  a -  
v a i l a b l e  f o r  many o f  them. T h e r e f o r e ,  t h i s  p r e l i m i n a r y  l i s t  was th e n  
re e x a m in e d  f o r  key  r e a c t i o n s  t o  r e p r e s e n t  t h e  c h e m ic a l  sy s tem . The 
s e l e c t i o n  was b a s e d  on th e  s p e c i e s  a n t i c i p a t e d  to  have  t h e  l a r g e s t  
c o m p o s i t io n s  and  p re su m a b ly ,  t h e r e f o r e ,  d o m in a te  t h e  e n e rg y  l e v e l  o f  
t h e  s y s te m .  T h ese  key  r e a c t i o n s  a r e  g iv e n  i n  T a b le  3 . 5 .  I n  T ab le
3 .6  t h e  p r e v i o u s l y  o m i t te d  a b l a t i o n  p r o d u c t  and c o m b u s t io n  r e a c t i o n s  
a r e  g i v e n .  Shown i n  T a b le  3 .7  a r e  t h e  a d d i t i o n a l  a i r  and  h y d ro g en  com­
b u s t i o n  r e a c t i o n s .  The v a lu e s  o f  t h e  c o e f f i c i e n t s  a f  j » b f j »  and £ f j  o f  
t h e  fo rw a rd  r e a c t i o n  r a t e  c o n s t a n t s  ( s e e  Eq. 3 .3 3 )  f o r  t h e  r e a c t i o n s  
i n  T a b le  3 .5  a r e  g iv e n  i n  T a b le  3 . 8 .  The fo rw a rd  r a t e  c o n s t a n t s  l i s t e d
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TABLE 3.5
SELECTED IMPORTANT CHEMICAL REACTIONS IN 
THE SHOCK LAYER OF AN ABLATING BODY
1 . CO + N — CN + 0
2 . l 2h + H = C2
+
H2
3- N2 + M = 2N
+ M
4. H2 + M
= 21 + M
5. 0 + M = 0/ + E - + M
6 . N + M = N/ + E- + M
7. CN + M - c + N + M
8 . CHN + M - CN + H + M
9 . c 2H + M C2
+ H + M
10 . c 2h 2 + M = C2H
+ II + M
11 . CO + M a C
+
0 + M
12 . C3
+ M = C2
+ C + M
13. C2
+ M = 2C + M
14. c + M - c / + E- + M
15. c3h + M = c2h + C + M
16. C.H4
+ M =• ' c 3h + C + M
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TABLE 3 .6  ADDITIONAL ABLATION PRODUCT AND 
COMBUSTION REACTIONS
CH^, CH^, CH^j CH R e a c t io n s C2H2 , ^ H ,  R e a c t io n s
1 . CH. = CH„ + H 4 3 1 . c 2h 2 + h = C2H +  H2
2 . CH, = CH. +  H„ 4 2 2 2 . C2H2+ 0 = CH2 + CO
3 . CH3 = CH2 +  H 3. C21I2 +  OH = C2H +  H20
4. CH2 = CH + H 4 .  C2H +  H = C2 +  H2
5 .  CH2 +  H = CH H2 5. C2H + 0 = CH +  CO
6 . CH C +  H
7 .  C +  H, CH + H
8 . CH2 +  0 = CO +  H2
O th e r  R e a c t io n s
1 . C2 +  H = C + CH
CN R e a c t io n s
1 . 2CN = C2 +  N2
2 .  CN + 0 = N +  CO
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TABLE 3 .7  ADDITIONAL
A ir  R e a c t io n s
1. 0 2 + M « 20 + M
2 . N2 + M = N+ +  e "  +  M
3. N 0 + M  = N +  0 + M
4. NO + 0 = 0 2 +  N
5. N2 +  0 = NO +  N
6 . N + 0 -  N0+ + e“
AIR AND HYDROGEN COMBUSTION REACTIONS
H ydrogen Com bustion  R e a c t io n s
1 . H + 0 2 ~ OH +  0
2 .  0 +  H2 = OH +  H
3 .  OH +  H2 = H20 +  H
4 .  20H = HjO + 0
5 .  H +  OH + M = H20 +  M
6 . H + 0 +  M = 0 H + M
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TABLE 3.8 COEFFICIENTS OF THE
FORWARD REACTION RATE CONSTANTS
l e a c t i o n a P .
b £J *f j Comments
1 8 .0  E 18 .5 71 ,000 £
2 4 .5  E 11 .5 3 5 ,0 0 0 R e f .  3 .1 1
3 1 .0  E 21 - 1 . 5 2 24 ,900 3 .1 2
4 3 .6  E 18 - . 8 2 103 ,000 3 .1 3
5 2 .8  E 12 .5 313 ,000 3 .1 3
6 2 .9  E 12 .5 333 ,000 3 .1 3
7 2 .2  E 20 - 1 .0 131 ,800 3 .1 4
8 8 .4  E 18 .5 120,000 i
9 9 .5  E 18 .5 140 ,000 £
10 9 .5  E 18 .5 117 ,000 £
11 8 .5  E 19 - 1 .0 257 ,900 3 .1 4
12 1 .0  E 19 .5 1 90 ,000 £
13 9 .3  E 18 .5 155 ,000 £
14 9 . 4  E 18 .5 265 ,000 £
15 9 .5  E 18 .5 1 6 5 ,000 £
16 9 .5  E 18 .5 145 ,000 £
£ A c t i v a t i o n  e n e rg y  computed u s in g  th e  m ethod d e s c r i b e d  by Semenov 
(R e f .  3 . 1 5 ) ,  and th e  f r e q u e n c y  f a c t o r  com puted u s in g  c o l l i s i o n  
th e o r y  (R e f .  3 . 1 6 ) .
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w ere t h e  b e s t  e x p e r im e n ta l  v a l u e s  o r  w ere com puted t h e o r e t i c a l l y .  With 
t h e s e  c o n s t a n t s ,  IR = 1 .987  c a l /g m o le  -  °K and te m p e r a tu r e  i n  °K, th e  
u n i t s  o f  a r e  cmVgm -  mole -  s e c .
O r i g i n a l l y  t h e  method p roposed  to  o b ta in  t h e  e q u i l i b r i u m  con­
s t a n t s  f o r  th e  r e a c t i o n s  in  T ab le  3 ,5  was by a  c u r v e  f i t  o f  e q u i l i b r i u m '  
d a t a .  The c h e m ic a l  e q u i l i b r i u m  c o m p o s i t io n  f o r  d i f f e r e n t  v a l u e s  o f  
t e m p e r a tu r e  (from  l , 0 0 0 ° k ,  to  1 5 ,0 0 0 °K) were com puted w i th  a  f r e e  ene rgy  
m in im iz a t io n  ch e m ic a l  e q u i l i b r i u m  program . T h is  i n f o r m a t io n  was th en  
u sed  w i th  Eq. 3 .37 to  o b t a i n  th e  v a lu e  o f  th e  e q u i l i b r i u m  c o n s t a n t  f o r  
d i f f e r e n t  t e m p e r a tu r e s .  The r e s u l t s  o f  t h i s  o p e r a t i o n  a r e  shown in  F ig .
3 .1  f o r  t h e  r e a c t i o n  C3H Z  C2H + C w here In  K i s  p l o t t e d  v e r s u s  1/T 
( d o t t e d  l i n e ) .  These a c t u a l  v a l u e s  o f  K were th e n  l e a s t  s q u a r e s  f i t  
w i th  an  e x p r e s s io n  o f  th e  form o f  Eq. 3 .3 9 .  The r e s u l t i n g  a n a l y t i c a l  
e x p r e s s io n  f o r  K i s  a l s o  p l o t t e d  i n  F ig .  3 .1  ( s o l i d  l i n e ) .  I t  can  be 
se e n  t h a t  u s in g  th e  a n a l y t i c a l  e x p r e s s io n  f o r  K i n s t e a d  o f  t h e  a c t u a l  
v a l u e s  i n t r o d u c e s  s i g n i f i c a n t  e r r o r ,  f o r  example a t  T = 10 ,000°K  th e  
p e r c e n ta g e  e r r o r  in  K i s  1000, T h i s  d i f f i c u l t y  e n c o u n te re d  i n  t h i s  r e ­
a c t i o n  was found to  be  t y p i c a l  i n  some o f  th e  o t h e r  r e a c t i o n s  a s  w e l l .
For t h i s  r e a s o n  i t  was found more d e s i r a b l e  to  u s e  th e  second method 
d i s c u s s e d  above f o r  o b t a i n i n g  K_j. T h is  was a c c o m p lish e d  by o b ta in in g  
A Fj0 from  Eq. 3 .4 1  and th e n  u s in g  Eq. 3 .40  to  o b t a i n  K^. T ab le  3 ,9
c o n t a i n s  th e  v a l u e s  o f  t h e  c o e f f i c i e n t s  B-i . ,  B9 . o f  Eq. 3 .41
j  * r-3 / , 3  .
f o r  t h e  r e a c t i o n s  i n  T a b le  3 . 5 .  The e q u i l i b r i u m  c o n s t a n t  o b ta in e d ,  
i f  p l o t t e d  i n  F ig .  3 . 1 ,  i s  u n d i s t i n g u i s h a b l e  from  th e  c u rv e  o f  th e  a c t ­
u a l  v a l u e s  o f  K.
R a d i a t i v e  P r o p e r t i e s
The r a d i a t i o n  f l u x  d iv e rg e n c e  ( d q ^ y / d y )  a p p e a r in g  i n  Eq. 2 .61
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Figure 3.1 Equilibrium Constant and  Its Linear Least Squares Fit For The 
Reaction C 3 H ^  C 2 H +  C
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TABLE 3.9
COEFFICIENTS OF THE EQUILIBRIUM CONSTANT CORRELATION
REACTION t *  ) Bi • B? •,J- f J ^ 1 J
1 0 , 3 5 3 0 E + 0  0 - 0 . 7 6 8 1 E - 0 3 0 . 5 1 5 3 E - 0 e - C . 9 6 1 8 E - 1 0 0 . 5 4  2 7  E—1 4 0 . 3 4 8 5 E  +0  5 0 . 7 5 0 0 E — 01 L
— 0 .  91  OCE—0 1 0 . 2 6 2 4 E - G 3 - - 0 • 8 7 C C E - C 9 - 0 . 5 4 4  I E - 1  1 0 . 2 1 0 C E —1 5 3 . 4 1 6 0 E + 0 5 0 . 2 C 6 6 E + 0 1 H
2 0 . 1 8 1 6 E + 0 1 - 0 . 3 5 7 1 E - C 2 0 . 1 6  3 4 E - 0  5 - 0 . 2 7 8  3 E - 0  9 0 . 1 6 1 7 E - 1 3 0 . 1 3 2 9 E + C S - 0 . S 9 6 1 E + 0 1 L
—0 .  1 8 5 2 E  4-0 1 0 . 1  8 3  1 E—02-- 0 . 5 3 5 0 E —0 6 0 . 7 6 4 1 E —10 - 0 . 3 4 1 7 E - 1 4 3 . 1 3 2 9 E + 0 5 0 . 1  1 2 6 E + 0 2 H
3 0 .  1 7 2  7E + 0 1 —0 . 8 C 5 9 E —C3 0 . 1 3 4 4 E - 0 6  0 . 4 9 8 0 E —11 —0 . 9 7 8 C E —1 5 0 . 1 1 3 2 E + 0 6 0 . 4 2 7 4 E + 0 1 L
0 . 1 7 6 5 E + 0 l - O . 1 2  5 0 E - C 2 0 . 3  3 1 6 E - 0  6 - 9 . 3  5 3 6 E - 1 0 0 . 1 0 C 3 E - 1 4 0 .  1 1 3 2 E + 0 6 0 . 4 4 5 0 E + 0 1 H
A 0 . 1 6 4  2 E + 0 1 - 0 . 2 8 1 0 E - 0 3 - 0 . 9 2 4 4 E - 0 7  0 . 2 9 1 4 E - 1 C - 0 . 2 1 1 2 E - 1 4 0 . 5 1 9 6 E + G 5 C . 2 6 2 6 E + 0 1 L
0 . 4 5 0  5 E + 0 1 - 0 . 4 0 1 8 E - 0 2 0 . 1 2  5 4 E - 0 5 - 0 . 1 5 9 2 E - 0  9 0 . 7 0 1 3 E - 1 4 0 . 5 1 9 6 E + 0  5 —0 . 1 3 4 8 E +  0 2 H
c 0 . 2 3 2 1 E + 0 1  0 . 2 2 5 C E - C 3 —0 . 9 0  9 4 E —0 7 C . 1 2 7 5 E - 1 0 — 0 . 5 0  5 6 E —1 5 0 .  1 5 8 0 E  + 0 6 —0 . 1 1 8 1 E + 0 2 L
0 . 2 9 0 4 E + 0 1 —0 .  3 5 7 6 E —C3 0 . 6 5 9  I E —0 7 —0 . 3 1 5 9 E —1 1 0 . 2 8 1 3 E - 1 6 0 .  1 5 8 0 E + 0 6 - 0 . 1 5 3 8 E + 0 2 H
€
i
0 , 2  7 5 3 E + 0 1 - 0 . 3 7 2 6 E - 0 3 0 .  1 8 8  4 E —0 6 —0 . 3 7 6 5 E - 1 0 0 . 2 2 7 1 E—1 4 0 . 1 6 8 6 E + 0 6 - 0 . 1 2 3 3 E +  0 2 L
0 . 2 2 6 1 E + 9 1  0 . 3 8 C 3 E - C 3 —0 . 1 2 1 0 E —0  6  0 . 1 0 7 0 E - 1 0 - 0 . 3 C 3 2 E - 1 5 0 . 1 6 R 6 E + 0 6 - 0 . 1 0  0 0 E +  0 2 H
7 0 .  1 6 7 5 E  + 0 1—0 . 6 0 1 7 E —0 3 — 0 . 6 9  1 4 E —0 7  0 . 3 9 9 6 E  —10 —0 . 2 9 9  I E —1 4 0 . 9 4 0 6 E + 0 5 0 . 3  69QE + 01 L
0 . 1 4 1 4 E + 0 1 - 0 . 8 0 2 7 E —0 3 0 . 1 6  9 7 E - 0  6 - C . 1 3 1 5 E - 1 0 0 . 3 8 3 1 E —1 5 0 . 8 7 3 1 E + 0 5 0 . 5 5 9 4 E + 0 1 H
8 0 . 2 2 5 7 E + 0 1 - C . 2 9 5 5 E - C 2 0 . 1 3 5 9 E - 0 5 - 0 . 2 5 1 8 E - 0  9 0 . 1 6 6 S E - 1 3 0 . 5 8 5 0 E + 0 5 0 . 1 9 1 2 E + 0 1 L
0 . 3 7 5 3 E  + 0 1 —0 . 4 4  3 6 E— 0 2 0 . 1 7 6 8 E —0 5 —0 . 2 9 0  2 E —0 9 0 . 1 7 6 6 E - 1 3 0 . 6 5 2 5 E + 0 5 - ■ 0 . 6 3 1  9E + C1 H
*  SEE TABLE 3 . 5  FOR REACTIONS
* *  TEMPERATURE RANGE L= 1 , 0 0 0 - 6 , COO DEG.  K ,  H= 6 , 0 0 0 - 1 5 , 0 0 0  DEG.  K
o\
S5 , j S6 , j B7,5 T { * * >
TABLE 3.9
COEFFICIENTS OF THE EQUILIBRIUM CONSTANT CORRELATION (C o n tinued )
R E A C T I O N * * )  Bi  * B? , B ,  , B/, • Br  ■ Bfi . B7 .
L ’ J  /  -2 4 ,  j  3 , j  b , j  / ,  j
5 O.  3 4 5 S E + 0 1 - 0 . 3 8 S 2 E - 0 2  0  .  1 5 4-1E - 0 5 - C  .  2 4 9  2 E - 0  9  0 . 1 4 C 6 E - 1 3  0 .  6 5 2  5 E +0 5 - 0  .  6 3 3 5 E  + 01
0 . 2 6 S 3 E + 0 1 - 0 * 2 1 8 7 F - 0 2  0 . 6 6 8 8 E - 0 6 - 0 * 8 2 7 7 E - 1 0 0 * 3 5 9 6 E - 1 4  0 . 6 5 H 5 E + 0 5 - 0 • 2 2 2 0 E + 0 1
1 0  0 *  2C 9 4 E + C 1 —0* 2 1 5 5 E - C 2  C * 7 2 0 6 E - 0 6 - 0 •  1 0 6 7 E - C 9  0 * 5 7 3 5 E - 1 4  0 . 5 7 6 6 E + C 5  0 . 3 6 7 1 E + 0 1
0 • 2 4 5 2 E + 0 1 - 0 • 2 3 8 2 E - 0 2  0 . 6 9 3 0 E - 0 6 - 0 • 8 4 2 8 E - 1 0 0 . 3 6 3 C E - 1 4  D . 5 7 6 6 E + 0 5  0 * 1 5 0 4 6 + 0 1
1 1 0 . 2 0 2 8 E  + 0 1 - 0 * 1 3 7 0 E - C 2  0 * 4 4 6  1 E - 0 6 - 0 . 5 6 2 2 E - 1 0 0 * 2 4 3 6 E - 1 4  0 . 1 2 8 9 E + 0 6  0 . 3 7 7 3 E + 0 1
O * 1 3 2 3 E + 0 1 - 0 * 5 4 0 3 E - C 3  G« 1 6 8 8 E - 0 6 - 0  * 1 8 5 9 E - 1 O 0 * 5 9 3 1 E - 1 5  C . 1 2 8 9 E + 0 6  0 . 7 6 6 G E  + 01
1 2  0 . 3 0 5 3 E + G 1 - C . 4 0 3 2 E - 0 2  0 * 1 7 3  I E - 0  5 - 0 • 2 8 5 8 E - 0 9  C . 1 6 2 1 E - 1 3  0 * 8 9 G 6 E + C 5  0 . 1 0 3 4 E  + 01
—0  • 1 5 9 6 E  + 0  2 0 *  1 8 4 0 E - 0 1 - 0 * 5 6 9 0 E - 0 5  0 * 6 8 4 1 E - 0 9 - 0  * 2  8 4  2 E - 1 3  0 * Q 9 0 6 E + C 5  0 . U 0 1 E + 0 3
1 3  0 * 7 8 1 CE+ 0 0 —0 * 1 1 7 5 E —0 3  —G* 9 4 6 0 E—0 7  0 • 2 8 5 4 E - 1 0 - 0 • 2 1 9 7 E - 1 4 0 . 7 2 9 7 E + 9 5  0 . 9 3 7 8 E + C 1
0 . 2 5 6 G E + C 0  C . 1 5 8 1 E - 0 3 - 0 • 3 9 7 0 E - C 7  0 * 2 5 4 2 E - 1 1  0 . 2 9 2 C E - 1 7  0 . 7 2 9 7 E + 0 5  0 * 1 2 6 6 E + 0 2
1 4  0 . 2 4 9 7 E + 0 1  0 . 6 4 0 4 E - C 4 - 0 . 5 0 1 1 E - 0 7  0 • 6 6 1 9 E - 1 1 - 0 • 2 2 7 1 E - 1 5  0 • 1 3 0 6 E + 0 6 - 0 • 1 2 1 6 E + 0 2
0 . 2 8 9 5 E + 0 1 - C * 3 2 3 4 E - 0 3  0 * 4 9 3 2 E - C 7 —0 • 2 5 7 9 E - 1 I  0 * 2 3 8 1 6 - 1 6  0 • 1 3 0 6 E + Q 6 - 0 • 1 4 8 1 E + 0 2
1 5 0 * 2 1 3 2E + 0 1 — 0* 2 8 4 0 E—0 2  0 * 1 1 3 8 E - 0 5 - 0 . 2 0 2 I E - 0 9  0 .  1 3 3 5 E - 1 3  0 . 3 0 6 S E + G 5  0 . 5 4 6 I E  + 01
0 * 3 4 8 3 E  + 0 1  — 0 . 4 9 8 1 E —C2 0 * 2 0 7 2 E - 0 5 - 0 • 3 5 8 8 E - 0 9  0 * 2 2 3 4 E - 1 3  0 • 8 0 6 8 E + 0 5 - 0 • 1 8 8 1 E + OI
1 6  0 * 7 0 3 0 E + 0 0 - 0 . 1 4 C 6 E - 0 2  0 * 5 7 3 5 E - C 6 - 0 • 8 3 9 5 E - 1 0 0 . 4 6 0 9 E - 1 4  0 . 7 2 2 C E + 0 5  0 . 1 1 6 2 E + 0 2
0 * 2 3 2 0 6 + 0 0 - 0 * 8 8 1  I E - 0 3  0 * 4 0 9 0 E - G 6 - 0 . 6 8 4 0 E - 1 0  0 * 3 6 9 4 E - 1 4  0 * 7 2 2 0 E  + 0 5  0 . 1 4 3 5 E  + 0 2
*  SEE TABLE 3 * 5  FOR REACTI CNS
* *  TEMPERATURE RANGE L= 1 . C C G - 6 . C O O  DEG* K ,  H= 6 , 0 0 0 - 1 5 . 0 0 0  DEG.  K
T ( * *  )
L
H
L
H
L '
H
L
H
L
H
L
H
L
H
L
H
O'in
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i s  d e f in e d  a s  f o l l o w s  ( s e e . E q .  2 .1 4 )  
dqR
. -,y- = - 2 n Ja (2B -  I  ) d ( 3 .4 4 )dy v  v  v
w here
q„ = r a d i a t i v e  f l u x  i n  a  d i r e c t i o n  n o rm a l t o  th e  body MR ,y  3
a = v o l u m e t r i c  a b s o r p t i o n  c o e f f i c i e n t ,
B = P la n k i a n  r a d i a t i o n  i n t e n s i t y ,  v
I  = s p e c t r a l  r a d i a t i o n  i n t e n s i t y ,  
v = f r e q u e n c y
R a d i a t i v e  m echan ism s i n  h ig h  t e m p e r a tu r e  g a s e s  may b e  c a t e g o r i z e d  i n t o  
t h o s e  w hich p ro d u c e  r a d i a t i o n  o f  a  g iv e n  f r e q u e n c y  and t h o s e  w hich  p ro ­
d u c e  r a d i a t i o n  o v e r  a  w ide s p e c t r u m .  The f i r s t  o f  t h e s e  g ro u p s  o f  mech­
an ism s i s  known a s  a  l i n e  r a d i a t i o n  m echanism  ( r e s u l t s  from  e l e c t r o n i c  
t r a n s i t i o n  b e tw e e n  th e  bound e n e rg y  l e v e l s  i n  a tom s o r  m o l e c u l e s ) , w h i le  
t h e  second  g ro u p  a r e  commonly r e f e r r e d  to  a s  con tinuum  r a d i a t i o n  mech­
an ism s  ( t r a n s f e r  betw een i o n i c  s t a t e s  f o r  a to m ic  and m o l e c u la r  s p e c i e s ,  
and t r a n s i t i o n s  be tw een  two f r e e  en e rg y  l e v e l s  i n  w hich  f r e e  e l e c t r o n s  
a r e  p r e s e n t  i n  b o th  th e  i n i t i a l  and f i n a l  s t a t e s ) .
One c o n se q u e n c e  o f  th e  e x i s t e n c e  o f  l i n e  and c o n tin u u m  r a d i a t i v e  
mechanisms i s  t h a t  t h e  v o l u m e t r i c  a b s o r p t i o n  c o e f f i c i e n t  ( a v ) f o r  a 
h ig h  t e m p e r a tu r e  g a s  v a r i e s  d i s c o n t i n u o u s l y  w i th  w a v e le n g th .  T h is  f a c t  
r e q u i r e s  t h a t  t h e  i n t e g r a t i o n  o f  Eq. 3 .4 4  b e  c a r r i e d  o u t  on a  p i e c e -  
w is e  b a s i s  o v e r  t h e  f r e q u e n c y  dom ain . The f r e q u e n c y  r a n g e  i s  d iv id e d  
i n t o  r e g io n s  (b a n d s )  w i t h i n  w h ich  th e  d i s c o n t i n u o u s  v a i r a t i o n s  a r e  
a v e ra g e d .  C ontinuum  r a d i a t i o n  bands  a r e  u s e d  to  r e p r e s e n t  r e g i o n s  o f  
c o n t in u o u s  r a d i a t i o n  w h i le  l i n e  r a d i a t i o n  b a n d s  a r e  u se d  to  model t h e  
e f f e c t  o f  t h e  v a r i o u s  d i s c o n t i n u o u s  c o n t r i b u t i o n s .  As i n  t h e  n u m e r ic a l
i n t e g r a t i o n  o f  c o n t in u o u s  f u n c t i o n s ,  t h e  u s e  o f  more b a n d s  ( s m a l l e r  i n ­
t e r v a l s )  l e a d s  t o  a more a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  r a d i a t i v e  p r o c e s s  
The r a d i a t i v e  model u se d  i n  th e  p r e s e n t  work was d e v e lo p ed  by 
E ngel (R e f .  3 .1 7 )  from  a m odel o r i g i n a l l y  d e v e lo p e d  by  W ilson  (R e f .  3 .1 8 )  
The co m p u te r  program  d e v e lo p e d  by E ngel com putes  b o th  t h e  r a d i a t i v e  f l u x  
(q^ y ) , and  th e  r a d i a t i v e  f l u x  d iv e r g e n c e  (dq^  y /d y )  f o r  a  m ix tu r e  o f  a i r  
and a b l a t i o n  p r o d u c t s .  The model u s e s  n i n e  l i n e  f r e q u e n c y  bands and 
tw e lv e  con t inuum  b a n d s .  I t  c o n s i d e r s  t h e  f o l l o w i n g  s p e c i e s  and r a d i a t i o n  
m echan ism s:
H °2  C0
C L in e  and N2 C3
0 Continuum c 2 c 2h
N H2
Continuum
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CHAPTER 4
THE SOLUTION METHOD
The m a th e m a t ic a l  model o f  s t a g n a t i o n - l i n e  f lo w  c o n t a i n s  a s e r i e s  o f  
a s s u m p t io n s  d e s ig n e d  to  s i m p l i f y  th e  m a th e m a t ic s  o f  t h e  p ro b lem  w i th o u t  
s i g n i f i c a n t l y  r e d u c in g  th e  a c c u ra c y  o f  t h e  s o l u t i o n .  However, t h e  r e s u l t ­
in g  e q u a t i o n s  a r e  s t i l l  n o n - l i n e a r ,  i n t e g r a l ,  and c o u p le d  and hav e  v a r i a b l e
c o e f f i c i e n t s ,  t h e r e f o r e  an  a n a l y t i c a l  s o l u t i o n  c a n n o t  be  o b t a i n e d .  T h is  
means t h a t  i n t e g r a t i o n  o f  t h e  e q u a t i o n s  m ust be a c c o m p lish e d  n u m e r i c a l l y .  
B e fo re  an  a t t e m p t  i s  made to  f o r m u l a t e  a n u m e r ic a l  s o l u t i o n  schem e, i t  i s  
c o n v e n ie n t  t o  n o n d im e n s io n a l i z e  and t r a n s f o r m  th e  e q u a t i o n s  o f  t h e  s t a g n a ­
t i o n  l i n e  model (T a b le  2 . 9 ) .  A f t e r  t h e  model h a s  b een  t r a n s f o r m e d ,  t h e
b e h a v io r  o f  s p e c i f i c  t e r m s ,  e q u a t i o n s ,  and th e  e n t i r e  sy s te m  o f  e q u a t io n s  
w i l l  be  i n v e s t i g a t e d  so  t h a t  a  s o l u t i o n  method may b e  e s t a b l i s h e d .  The 
s o l u t i o n  method w i l l  th e n  be im plem en ted  w i th  a co m p u te r  p rog ram .
NONDIMENSIONALIZATION AND TRANSFORMATION
U sin g  t h e  d im e n s io n l e s s  v a r i a b l e s  g iv e n  i n  T a b le  4 . 1 ,  t h e  s t a g n a t i o n  
l i n e  m odel can  be w r i t t e n  i n  t h e  d im e n s io n le s s  fo rm  g iv e n  i n  T a b le  4 . 2 .  
N o t i c e  t h a t  t h e  o n ly  d i f f e r e n c e  b e tw ee n  t h e  d im e n s io n le s s  v a r i a b l e s  g iv e n  
i n  T a b le  4 . 1  and th o s e  u sed  f o r  t h e  o r d e r  o f  m a g n i tu d e  a s s e s m e n t  i n  C h a p te r  
2 (T a b le  2 .2 )  i s  t h a t  i n  t h e  fo rm e r  * i s  u sed  i n  p l a c e  o f  P ^ * *  T h i s  
h a s  t h e  e f f e c t  o f  i n t r o d u c i n g  i n t o  t h e  momentum e q u a t i o n  (Eq. 4 . 2 )  a  Rey­
n o ld s  Number b ased  upon p o s t - s h o c k  d e n s i t y  a s  opposed  to  t h e  f r e e - s t r e a m
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TABLE 4 .1  
DIMENSIONLESS VARIABLES
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TABLE 4 .2
DIMENSIONLESS STAGNATION LINE MODEL
EQUATIONS:
S p e c i e s  C o n t i n u i t y :
dCi dCi
d (pD ^ - )  -  p v + o i = 0 ( i  » 1 , . . . ,n) ( 4 .1 )
dy
X-momentum:
A  d (q v) 
d p  dy , 1 d ( p v ) .
^ d [ y  dy ] _ n B £ p  dy J
Kes dy pV dy
E n e rg y :
2k
2k d2h d (C^> dh  _ 2dqR,y
Cp +  [ "  PV + dy dy  ~ dy
2k n dCi
■> J , f ( r -  PD><2 h i  1+ 2pv^ a v  + 4 L C p  1 dy  1
K dy dy x
C a l o r i c  E q u a t io n  o f  s t a t e :
(4 .2 )
(4 .3 )
h  = ? Ci h ± (T) (4 .4 )
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TABLE 4.2 (CONTINUED)
Therm al E q u a t io n  o f  S t a t e :
( 4 .5 )
Boundary C o n d i t io n s :  
W all (y  = 0)
1 . p v  = ( p v ) w
Shock (y = <S) 
1 . p v  = ( p v ) fi =
2 . .  0
dy
3 .  C± = C ^ w  ( i  = l , . . . , n )
2 d <pyi  =  _ 2  ( fU l)
dy 3x '  _x  = 0
( 4 .6 )
3 . C. = C . . ( i  = 1 , . . . ,n )1 1,0  t i t
4 . h = hw 4 .  h = h,
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R ey n o ld s  number p r e v i o u s l y  u sed .
T he  m a th e m a t ic a l  m odel,  a s  o r i g i n a l l y  d e v e lo p e d  in  C h a p te r  2 (T ab le  
2 . 9 ) ,  i n c lu d e d  th e  e n e r g y  e q u a t io n  i n  t e m p e r a tu r e  fo rm  (Eq. 2 . 6 1 ) .  D uring  
th e  p r e s e n t  i n v e s t i g a t i o n  th e  e a r l y  a t t e m p t s  a t  s o l v i n g  th e  m odel concen ­
t r a t e d  o n  t h i s  f o r m u l a t i o n .  However, a f t e r  much c o m p u ta t io n a l  e x p e r im e n ­
t a t i o n  l e d  c o n s i s t e n t l y  to  f a i l u r e ,  i t  was d e c id e d  to  t r y  a  d i f f e r e n t  
f o r m u l a t i o n  o f  th e  e n e r g y  e q u a t io n .  The en e rg y  e q u a t i o n  i n  te rm s  o f  dim­
e n s i o n l e s s  t e m p e ra tu r e
—  n rir-;
d (k  dy )  1 p dT 1 d[pD (£ h i  -r— ) ]
dy ‘ 2 pvCp d? + 2 7^ i dy
( 4 . 3a)
2 dv 1 ^ R , y-  pv  -  2 PV ( I  h i  -  0
was t r a n s f o r m e d  to  a n  e n t h a lp y  fo rm  by n o n d im e n s io n a l i z in g  Eq. 2 .6 0  to  
y i e l d
dT 1 dh  1 v ui  ^  t t3— = ~  j  -T- Z h i  - —  (4 .3 b )dy Cp dy Cp i  dy
and s u b s t i t u t i n g  E q . 4 .3 b  i n  Eq, 4 . 3 a  t o  y i e l d  Eq. 4 .3  ( se e  T a b le  4 . 2 ) .
The m ode l w i th  th e  t e m p e r a t u r e  form  o f  th e  e n e rg y  e q u a t io n  c o n s i s t e d  o f  
3 + n e q u a t i o n s  i n  t h e  unknowns p ,  v ,  T and ( i  = l , . . . , n ) .  T he  modi­
f i e d  m o d e l in c lu d e s  t h e  e n th a lp y  a s  an  a d d i t i o n a l  unknown ( t e m p e r a t u r e  
c o n t i n u e s  to  be an unknown s in c e  t h e  the rm odynam ic , t r a n s p o r t ,  r a d i a t i v e  
and c h e m ic a l  k i n e t i c s  p r o p e r t i e s  a r e  e x p l i c i t  f u n c t i o n  o f  T ) , and  t h e r e ­
f o r e  r e q u i r e s  an a d d i t i o n a l  e q u a t i o n .  T h is  e q u a t i o n  i s  th e  c a l o r i c  eq­
u a t i o n  o f  s t a t e  (Eq. 4 . 4 ) .  The b o u n d a ry  c o n d i t i o n s  on th e  e n e rg y  eq u a­
t i o n  a r e  now h = hw a t  y = 0 and h  = h^ a t  y = 6 .
T he  e q u a t io n s  g i v e n  in  T a b le  4 . 2  can  now be t r a n s fo rm e d  u s i n g  th e  
D o r o d n i t s y n  t r a n s f o r m a t i o n  d e f in e d  a s :
From t h e  above e q u a t i o n
3 —  “  I "  . <4 .8 )dy 5 dn
and t h i s  r e l a t i o n  y i e l d s  th e  e q u a t io n s  g iv e n  i n  T a b le  4 . 3 .  N o t ic e  t h a t  th e  
D o r o d n i t s y n  t r a n s f o r m a t i o n  c o n v e r t s  th e  in d e p e n d e n t  v a r i a b l e  y to  t h e  new 
in d e p e n d e n t  v a r i a b l e  q .  B e fo re  p r o c e e d in g  to  d i s c u s s  t h e  n u m e r ic a l  s o l u ­
t i o n  t o  Eqs. 4 .9  -  4 .1 1  and E q s .  4 .4  and 4 .5  i t  i s  c o n v e n ie n t  t o  r e w r i t e
t h e  e q u a t i o n s  i n  a  form more s u i t a b l e  f o r  n u m e r ic a l  s o l u t i o n .
S p e c i e s  c o n t i n u i t y :
Expanding  t h e  second  o r d e r  te rm  i n  Eq. 4 .9  and r e a r r a n g i n g  g iv e s
? ? - Hr ~2 ( 4 *13)
0 D d^C i , d ( p ^D) P , dLi  . 6 „
d ^ r  +  I - J T -  - s o v I  d ^ r  +  p “ i  0 (1  1 ............n>
X-momentum:
L e t  u s  d e f i n e  a  new d e p e n d e n t  v a r i a b l e  a s  f o l lo w s
f  =
i  « . u ,
n = i
t h e r e f o r e
d (pv)
d f  = ___4n___  , ,
dn ( d i p v l )  ( 4 , i 5 )
d11 n = 1
When th e  g l o b a l  c o n t i n u i t y  e q u a t i o n  i s  n o n d im e n s io n a l iz e d  and t r a n s f o r m e d  
i n t o  q -  s p a c e  th e  r e s u l t  i s
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TABLE 4 .3
TRANSFORMED STAGNATION LINE MODEL
EQUATIONS:
S p e c i e s  C o n t i n u i t y :
9 dC.
H Cp D ~rr~) _ dC. zZd dn f x . o a /« m \A  “ 0 pv -r-— + — tu. = 0 ( i  = I , .  . .  ,n jdn K dn p i
X-momentum:
d [DP d. i p— ] ;  „ d2 (ov)
H - dn -  5 Re Pv  y
drl 6 d /
E n e rg y :
2 ( 2pk.
i P k .  d h  +  t l d i c p  > dh  
i  CP ^ 7  6 d n
2 6 dqR ,y  2 2 dv  +  l  d [ < l f  *  p 2 | ) ) ( !  h i  d T * ]  
7  dy + 2PV d S  +  7  d*
C a l o r i c  E q u a t io n  o f  S t a t e :
h  = 2 C .h .
■4 1 1
(A .9)
(4 .1 0 )
(4 .1 1 )
(4.4)
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TABLE 4 .3  (CONTINUED)
Therm al E q u a t io n  o f  S t a t e :
( 4 . 5 )
Boundary C o n d i t i o n s :  
W all  (n  = 0) Shock (n  = 1)
1 . pv = (p v )w 1 . pv = (p v ) 6 = v 6
( 4 .1 2 )
2 . d (p v )
dri = 0 2. d ( pv) = z f 9ufidn k3x } x  = 0
3 .  C. = C. ( i  = 1 , . . . ,n )  1 i ,w 3 .  C. = C .  - ( i  = 1 , . . . ,n )  1 1,0
4 .  h = hw 4 .  h = h
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S u b s t i t u t i o n  o f  Eq. 4 .1 6  i n  E qs .  4 .1 4  and 4 .1 5  g iv e s
f  = -  ---------
26 3x
( — ) d f  v 3 x \  = 0
dn , 3u6. 
3x ^x = 0
Making u s e  o f  L 'H o s p i t a l ' s  r u l e ,
(— )
l im  = - I * - * -  ° -n u . 3 u .x -*• 0 6_____ .__ 6 .
3x ) x = o
(4.17)
( 4 .1 8 )
( 4 .1 9 )
and
d f  . . u3— = l im  —dn ^  u .x-> o 6
f o l lo w s  fro m  E qs .  4 .1 8  and 4 .1 9 .
S u b s t i t u t i o n  o f  Eq. 4 .1 7  i n  Eq. 4 .1 0  g iv e s
d 2 f -2  Su,
dn^ 5 + R 6Z C - > - )  ( 2 f  -  ( ~ ) 2
dn
+ 2 G- (1 -  p )
'3x dn'
( M ) 2
dx x = o = 0
3 u .
(— — )3x ;
The b o u n d a ry  c o n d i t i o n s  f o r  t h i s  e q u a t i o n  a r e  
W all ( n  = ° ) •
d n
Shock  (n  = 1)
(4 .2 0 )
( 4 .2 1 )
1 f  = — (pv)w
26 9u 6 ,o  
3x
-> d f  2 .  3 — -  odn
1 . f  = -
2 ^ = 1  
* ■ '  dn
3 u .26 6 ,o
3 x
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The momentum e q u a t i o n ,  b e in g  t h i r d  o r d e r ,  can  b e  expanded i n t o  two c o u p le d  
e q u a t i o n s ;  one f i r s t  o r d e r  and th e  o t h e r  second  o r d e r  by d e f i n i n g
S = t  <4 .22)
6 n
and s u b s t i t u t i n g  i n t o  Eq. 4 .2 1
d 2Z , ; 23u S ,o  dColO, dZPR ^  +  [Z R ^  6 f  +  ^
, d ± .2 C4.23)
. 3  3u .  - -  W  .  .
-R 6 ;  Z + 2R 6 ^  (1 -  P> 2------ ~  = 0
e6 8x e S p 6. 0
3x
The r e s u l t i n g  boun d ary  c o n d i t i o n s  f o r  E q s .  4 .2 2  and 4 .2 3  a r e  
W all  (ri = 0) : Shock (q = 1) :
1 . £ = £ = -  -(p4 " -  ! . £ = £ . = -  V'
2° o ,o 2o 0,0
9x 3 x
2 . S = 0 2 . S = 1/6
As was d i s c u s s e d  i n  C h a p te r  2 ,  f o u r  b o u n d ary  c o n d i t i o n s  need  to  be  s a t i s ­
f i e d  by th e  x  -  momentum e q u a t i o n ,  t h r e e  b e c a u s e  t h e  e q u a t i o n  i s  t h i r d  
o r d e r  and t h e  o t h e r  s i n c e  t h e  sh o ck  s t a n d - o f f  d i s t a n c e  (5) i s  unknown.
I n  te rm s  o f  E q s .  4 .2 2  and 4 . 2 3 ,  t h i s  means t h a t  t h e s e  e q u a t i o n s  m ust s a t ­
i s f y  a l l  f o u r  o f  Eqs. 4 . 2 4 .  T h is  i s  done i n  p r a c t i c e  by a p p l y i n g  t h e  two 
boun d ary  c o n d i t i o n s  on a  and f  shown above  to  E qs .  4 .2 3  and 4 . 2 2 ,  r e s p e c t ­
i v e l y .  I n t e g r a t i o n  o f  Eq. 4 .2 2  g iv e s
f  = 6 l \  dq + f w ( 4 .2 5 )o
E v a l u a t i n g  t h i s  r e l a t i o n  a t  q = 1 and s o l v i n g  f o r  6 y i e l d s  
f  ~ -  f
6 = ------- -  ( 4 .2 6 )
/  a  dq o
I t  i s  e a s i l y  s e e n  t h a t  s u b s t i t u t i o n  o f  E qs . 4 .2 5  and 4 .2 6  i n  Eq. 4 .2 3  
y i e l d s  a  second o r d e r ,  n o n - l i n e a r ,  i n t e g r o - d i f f e r e n t i a l  e q u a t io n  w i th  3
a s  t h e  o n ly  d e p e n d e n t  v a r i a b l e  (assu m in g  t h a t  p (n )  and  y (n )  a r e  know n). 
T h is  e q u a t io n  can  be  s o lv e d  f o r  3  and th e n  Eq. 4 .2 5  i s  u se d  to  c o m p le te  
t h e  s o l u t i o n  to  th e  p ro b lem . An a l t e r n a t i v e  method o f  s o l u t i o n  u sed  i n  
t h e  p r e s e n t  work i s  i t e r a t i o n :  g u e s s  a v a l u e  o f  6 and s o lv e  Eqs. 4 .2 3
and 4 .2 5  f o r  f  and 3 ,  u se  t h e  computed 3 i n  Eq. 4 .2 6  t o  o b t a i n  a  new v a l ­
ue o f  6 and r e p e a t  t h e  above p r o c e d u r e  u s i n g  th e  new v a l u e  o f  5 a s  g u e s s  
u n t i l  t h e  g u essed  and computed v a l e s  o f  6 a r e  e q u a l .
E n e rg y :
E x p an s io n  o f  t h e  second  te rm  on th e  r i g h t - h a n d  s i d e  o f  Eq. 4 .1 1  g i v e s
7  d ^ r  "  s 5^
6 ( 4 .2 7 )
, 2p k  2„ ,  ,n  d h i  d c i ,  , 1 , 2p k  2„ N , d 2c i N
+ - ■ > » < *  -*T -*?> +  ; - p »  (J hi  3 5 * *
o r
( 2Pk >
2 o k  d 2h . r „ . 1 d CD , dh
-  v~  — z  + I " pv  + T  a—  P 3 =~ C dn P dn dn6 P 1 6
( 4 .2 8 )
~ , n dC
l i  ^ +2v^iv + 1 d i j f - p2d,<?
p. dy p dp. - dn
0
2
. 1 / 2pk  2„ w * d k i  d c i .  , 1 , 20k  2 "  d Ci
+ -   p D) (E    "j ) + r  ( r  P h i  ~ T ~“ Cp ^ i  dp dp 6 Cp 1 1 d n ‘
A summary o f  t h e  d im e n s io n l e s s  t r a n s fo rm e d  e q u a t i o n s  i s  g iv e n  i n
Thble 4 . 4 .
•METHODS OF COMPUTING REACTING FLOWS
H i s t o r i c a l l y  t h e  f i r s t  a t t e m p t s  a t  s o l v i n g  th e  f i n i t e - r a t e  c h e m i s t r y
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TABLE 4 .4
SUMMARY OF DIMENSIONLESS TRANSFORMED EQUATIONS
EQUATIONS:
S p e c ie s  C o n t i n u i t y :
2
d C 2 dC "2
P 2D +  f -  g P'v] 7 ~^ + —  ^ . = o ( i  = 1 , . . .  »n) (4 .1 3 ), 2 dri dp p i
dn
X-Momentum:
f  = - P'V
26 du
9x
(4 .17 )
PM^|+[2R i
dn e s 8x dn dn
-3 3u
-R  6 ( „ ’ )
e 6 Sx
^ )  2 2 +
( ^ t )
2R « S- (1 -  p") --- -------
e J  p
9x
= 0
(4 .2 3 )
f  = 6 j  s  dn + f w (4 .25 )
6 =
f * -  f  o_______ w
J1 Z dn o
(4.26)
TABLE 4.4 (CONTINUED)
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E nerg y :
2 £_2pk)
2 Pk d h , r . , 1  d Cp \  dh _
- r  ~ 2  t-pv + r-sp )
6 P fi
22 d<>R,Y 2 dv 1 d (a "  -  P D> " i—   ---- +  2pv “— + — -7— p 1p dy dn Z dn
0
2
, 1 ,2pk 2„> dhl i, . 1 ,2pk 2„> ,S , Ci, 
+  T  (c —  -  P D K J 5 ^ -  j p )  +  :  <—  -  P D)(E h i  -jj jj - )
6 P i  t  P i
C a l o r i c  E q u a t io n  o f  S t a t e :
n
h = Z C, h .  r  il
Therm al E q u a t io n  o f  S t a t e :
n Ci \  p IR T ( I  P ,
(4 .2 8 )
(4 .4 )
( 4 .5 )
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prob lem  w ere  c o n c e n t r a t e d  upon o n e -d im e n s io n a l  f lo w s  w i th  no d i f f u s i o n .
The e q u a t i o n s  d e s c r i b i n g  t h i s  p h y s i c a l  s i t u a t i o n  a r e  o f  t h e  f o l lo w in g  
form :
d t  1
( i  = 1 , 2 , . . . , n )  ( 4 .2 9 )
*1  C0)
w here  th e  c o n c e n t r a t i o n s  o f  s p e c i e s  i n  an n - s p e c i e s  sy s tem  (y -^ ,. . .  ,yH) a r e  
th e  d e p e n d e n t  v a r i a b l e s  and t im e  ( t )  i s  th e  in d e p e n d e n t  v a r i a b l e .  T hese  eq ­
u a t i o n s  a r e  n o n - l i n e a r ,  co u p le d  th ro u g h  th e  r i g h t - h a n d - s i d e  te rm  ( f ^ , . . . ,  
f n ) , and a r e  s u b j e c t  to  i n i t i a l  b o u n d ary  c o n d i t i o n s  o f  t h e  f i r s t  k in d .  I n  
a t t e m p t in g  to  n u m e r i c a l ly  s o lv e  t h e  above  s e t  o f  e q u a t io n s  i t  was found  
t h a t  t h e  c l a s s i c a l  i n t e g r a t i o n  t e c h n iq u e s  ( E u l e r ,  R u n g e -K u tta ,  e t c . )  c o u ld  
be  used  to  com pute th e  s o l u t i o n  f o r  c a s e s  w here  t h e  r e a c t i o n  r a t e s  w ere  r e ­
l a t i v e l y  s lo w ,  b u t  f o r  f a s t  r e a c t i o n  r a t e s  ( t h o s e  o c c u r r i n g  when th e  f lo w  
i s  n e a r  c h e m ic a l  e q u i l i b r i u m )  th e  t im e  r e q u i r e d  to  i n t e g r a t e  th e  e q u a t i o n s  
became e x h o r b i t a n t .  When t h e  l a t t e r  c o n d i t i o n  e x i s t e d  th e  e q u a t io n s  w ere  
r e f e r r e d  to  a s  " s t i f f "  e q u a t io n s  by C u r t i s s  and  H i r s c h f e l d e r  (R e f .  4 . 1 )  
b e c a u s e  t h i s  ty p e  o f  p ro b lem  a r i s e s  a l s o  i n  o v e r c o n t r o l l e d  s e rv o m e c h a n ic a l  
s y s te m s .
N u m e r ic a l  t e c h n iq u e s  f o r  s o l v i n g  d i f f e r e n t i a l  e q u a t i o n s  a r e  g e n e r a l l y  
ju d g e d  on th e  b a s i s  o f  s t a b i l i t y ,  a c c u r a c y ,  and speed  o f  c o m p u ta t io n .  S t a ­
b i l i t y  means t h a t  th e  n u m e r i c a l  s o l u t i o n  m ust f o l l o w  th e  g e n e r a l  form o f  
th e  t r u e  s o l u t i o n .  A ccu racy  m e asu re s  how c l o s e l y  th e  n u m e r ic a l  s o l u t i o n  
a p p r o x im a te s  t h e  t r u e  s o l u t i o n .  I t  s h o u ld  be  c l e a r  t h a t  an  a l g o r i t h m  may 
be s t a b l e  b u t  i n a c c u r a t e .  The c o m p u ta t io n a l  sp e e d  depends upon th e  a l l o w ­
a b l e  s t e p s i z e  and on th e  c o m p u ta t io n a l  e f f o r t  r e q u i r e d  t o  p e r fo rm  eac h  s t e p .
84
The s o l u t i o n . o f  E q s .  4 .2 9  i s  n o rm a l ly  c a r r i e d  o u t  by  l o c a l l y  l i n e ­
a r i z i n g  th e  e q u a t io n s  and s o l v i n g  a t  each  s t e p  th e  r e s u l t i n g  s e t  o f  l i n e a r
e q u a t i o n s .  The l i n e a r i z a t i o n  i s  c a r r i e d  o u t  by expand ing  e a c h  f^  i n  a
t r u n c a t e d  T a y lo r  s e r i e s  a b o u t  a l o c a l  p o i n t  t  to  y i e l d
o r
n ,3 f  i .
d t  f i ,m  + j  = ± Cyj  "  U  (4 .3 0 )
w here
d t A. . Y. + B. ( i  = 1 ,  . . . ,n ) j  = 1 11 J i
A = (— 'J 
3yj  m
and B i = F. -  I  { ^ )  Y.
1,m j  = 1 m 1,m
E q u a t io n  4 .3 1  may be w r i t t e n  a s
(4 .3 1 )
I f  = A y + S (4 .3 2 )
u s in g  m a t r i x  n o t a t i o n  w here  y = y 2 ’ * , , y n^ ’
B — [B , B , . . . B  ] 
1 2  n
and
A =
8 f i  3 ^  
8yl  3y2
3 f 2 3 f 2 
3y l  3y2
3 f n 3£n
3 f i
'n
3yn
3f n
3yl  3y2 3yn
T e c h n iq u e s  f o r  s o l v i n g  Eq. 4 .3 2  a r e  g e n e r a l l y  c l a s s i f i e d  a s  e x p l i c i t ,  
i m p l i c i t  and l o c a l l y  e x a c t .  E x p l i c i t  t e c h n i q u e s  a r e  th o s e  f o r  w hich t h e  
v a l u e s  o f  e a c h  o f  t h e  d e p e n d e n t  v a r i a b l e s  a t  any  s t e p  may b e  e x p re s s e d  ex­
p l i c i t l y  i n  te rm s o f  t h e  d e p e n d e n t  v a r i a b l e s  a t  p r e c e e d in g  s t e p s .  A l l
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' p r e d i c t o r - c o r r e c t o r  m e th o d s ,  a s  w e l l  a s  a l l  v a r i a n t s  o f  t h e  R u n g e -K u tta  
m ethod a r e  e x p l i c i t .  I m p l i c i t  t e c h n iq u e s  a r e  t h o s e  f o r  w hich  t h e  v a l u e s  
o f  e a c h  o f  th e  v a r i a b l e s  a t  any s t e p  depends  on i t s e l f  and on t h e  o t h e r  
d e p e n d e n t  v a r i a b l e s  a t  t h a t  s t e p  a s  w e l l  a s  on t h e  d ep en d e n t v a r i a b l e s  a t  
p r e c e e d in g  s t e p s .  An i m p l i c i t  t e c h n iq u e  when a p p l i e d  to  Eq. 4 . 3 2  a lw ay s  
r e s u l t s  i n  a s e t  o f  l i n e a r  a l g e b r a i c  s im u l ta n e o u s  e q u a t io n s  w h ich  must be  
s o lv e d  f o r  th e  v e c t o r  y a t  each  s t e p .  L o c a l ly  e x a c t  t e c h n iq u e s  s o lv e  Eq.
4 .3 2  e x a c t l y  to  y ie L d
n
y i  = ?  _ C#  exp + i , p   ^ 1 = 1 » ■•.»«) (4 .3 3 )
w here  t h e  C^j  a r e  i n t e g r a t i o n  c o n s t a n t s ,  t h e  X.* a r e  th e  e i g e n v a l u e s  o f  A ; 
h i s  t h e  s t e p s i z e  a n d  y i  p a r e  p a r t i c u l a r  s o l u t i o n s  to  Eq. 4 . 3 2 .  T h is  s o ­
l u t i o n  assum es t h a t  a l l  th e  e i g e n v a lu e s  o f  £  a r e  d i s t i n c t .
A l l  e x p l i c i t  t e c h n iq u e s  h av e  f i n i t e  s t a b i l i t y  b o u n d a r i e s ,  t h a t  i s ,  
t h e y  a r e  s t a b l e  f o r  some s t e p s i z e s  and u n s t a b l e  f o r  o t h e r s .  U nder c o n d i ­
t i o n s  o f  s t i f f n e s s ,  e x p l i c i t  t e c h n i q u e s  m ust u s e  a  v e ry  s m a l l  s t e p s i z e  i n  
o r d e r  t o  rem ain  s t a b l e .  On th e  o t h e r  hand ,  th e y  can  be  v e ry  a c c u r a t e  and 
r e q u i r e  a  m odest d e g r e e  o f  c o m p u ta t io n a l  e f f o r t  t o  compute a  s t e p .  Some 
i m p l i c i t  t e c h n iq u e s  a r e  u n c o n d i t i o n a l l y  s t a b l e ,  i n  o th e r  w o rd s ,  t h e  a l ­
lo w a b le  s t e p s i z e  i s  n o t  r e s t r i c t e d  by s t a b i l i t y  r e q u i r e m e n t s .  However, 
t h e i r  a c c u ra c y  i s  g e n e r a l l y  l i m i t e d  an d ,  b e c a u s e  a  s e t  o f  l i n e a r  a l g e b r a i c  
e q u a t i o n s  m ust b e  s o l v e d ,  th e y  r e q u i r e  a  f a i r  am ount o f  c o m p u ta t io n a l
e f f o r t  t o  p e r fo rm  a  s t e p .  L o c a l ly  e x a c t  m ethods a r e  u n c o n d i t i o n a l l y  
s t a b l e  and v e ry  a c c u r a t e  b u t ,  b e c a u s e  th e  e i g e n v a l u e s  o f  A m u s t  b e  com­
p u te d  f o r  each  s t e p ,  r e q u i r e  a  l a r g e  d e g re e  o f  c o m p u ta t io n a l  e f f o r t  to  
com pute  a  s t e p .
The n u m e r ic a l  s o l u t i o n  o f  s t i f f  e q u a t io n s  h a s  been  s t u d i e d  e x t e n ­
s i v e l y  and a  number o f  t e c h n iq u e s  w ere  p ro p o se d  to  cope w i th  t h i s  p rob lem
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(Refs .  4 .1  -  4 .15 )  .
C u r t i s s  and H i r s c h f e l d e r  (R e f .  4 . 1 )  p ro p o s e d  an i m p l i c i t  t e c h n iq u e  
f o r  s o l v i n g  a  s i n g l e  s t i f f  e q u a t i o n .  Emanuel (R e f .  4 .2 )  s t u d i e d  t h e  ap­
p l i c a t i o n  o f  p r e d i c t o r - c o r r e c t o r  and  R u n g e -K u tta  t e c h n iq u e s  t o  t h e  chem­
i c a l  e q u a t io n s  i n  n e a r  e q u i l i b r i u m  f lo w s .  The l o c a l l y  e x a c t  m ethod was 
a p p l i e d  by M o r e t t i  (R e f .  4 .3 )  to  t h e  p rob lem  o f  c o m b u s t io n  o f  hyd ro g en  
i n  a i r  a t  c o n s t a n t  p r e s s u r e .  He made a  co m p ar iso n  o f  th e  com puting  tim e  
r e q u i r e d  u s in g  th e  l o c a l l y  e x a c t  m ethod  and t h e  f o u r t h  o r d e r  R un g e-K u tta  
m ethod .
T re a n o r  (R e f .  4 . 5 )  d e v e lo p e d  an  e x p l i c i t  method f o r  s o l v i n g  non­
l i n e a r  s t i f f  e q u a t i o n s .  I t  assum es t h a t  t h e  b a s i c  e q u a t io n s  c a n  b e  app­
r o x im a te d  by a l i n e a r i z e d  fo rm , b u t  n o t  th e  fo rm  g iv e n  in  E qs . 4 . 3 0 .  I n ­
s t e a d  th e y  a r e  l i n e a r i z e d  a s  f o l l o w s :
dy j  _ ( P . )  y ,  + (A . )~ — = — i  m i  x m a t
( i  = vl , . . . ,n )  (4 .3 4 )
+ (B .)  h + (C .)  h 2 i  m i  m
w here  t h e  P j , A . ,  B. and C. a r e  c o n s t a n t s  i n  a  g iv e n  s t e p  b u t  a r e  a l lo w ed^ 1 1 1
to  v a r y  from  s t e p  t o  s t e p .
Lomax and B a i l e y  (R e f .  4 . 6 )  and B a i le y  (R e f .  4 .1 2 )  s t u d i e d  t h e  so ­
l u t i o n  to  t h e  p rob lem  o f  a i r  f lo w  b e h in d  a  norm al sh o ck  by a p p ly in g  d i f ­
f e r e n t  n u m e r ic a l  t e c h n i q u e s .  The t e c h n iq u e s  u t i l i z e d  w ere t h e  e x p l i c i t  
m o d i f i e d  E u le r  method* t h e  i m p l i c i t  m o d i f ie d  E u l e r  method and T r e a n o r ‘s 
m e thod .
Magnus and S c h e c h te r  (R ef .  4 .1 5 )  d e v e lo p ed  a  u n i f i e d  t h e o r y  o f  
n u m e r i c a l  t e c h n iq u e s  b a s e d  on r a t i o n a l  a p p r o x im a t io n s  t o  t h e  e x p o n e n t i a l  
te rm s  i n  E qs .  4 .3 3 .  They showed t h a t  a  number o f  e x p l i c i t  and i m p l i c i t  
t e c h n i q u e s  a r e  r e a l l y  r a t i o n a l  a p p r o x im a t io n s  o f  d i f f e r e n t  o r d e r .  The
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i m p l i c i t  m e thods  s t u d i e d ,  w h ich  in c lu d e  th e  method o f  c o l l o c a t i o n  and  th e  
subdom ain  m e thod , w ere  shown to  be u n c o n d i t i o n a l l y  s t a b l e  and t h e  s u b -  
domain m ethod  was a p p l i e d  to  t h e  p ro b lem s  o f  h y d r o g e n - a i r  c o m b u s t io n  and 
d i s s o c i a t i n g  a i r .
From th e  work t h a t  h a s  been  c a r r i e d  o u t  i t  h a s  become e v i d e n t  t h a t  
t h e r e  i s  no " b e s t "  m ethod f o r  s o lv in g  E qs .  4 .2 9 ,  The optimum m e t h o d ' t o  
be u sed  d e p e n d s  upon t h e  d e g r e e  o f  " s t i f f n e s s "  o f  t h e  e q u a t io n s .  I f  th e  
f lo w  i s  e s s e n t i a l l y  f r o z e n ,  c l a s s i c a l  e x p l i c i t  t e c h n iq u e s  such  a s  f o u r t h  
o r d e r  R u n g e -K u tta  a r e  b e t t e r  th a n  any i m p l i c i t  o r  l o c a l l y  e x a c t  m e thod  
b e c a u se  th e y  would be  a c c u r a t e  and f a s t e r .  I f  t h e  f lo w  i s  n e a r  c h e m ic a l  
e q u i l i b r i u m ,  an  u n c o n d i t i o n a l l y  s t a b l e  i m p l i c i t  t e c h n iq u e  i s  optimum b e ­
c a u s e  t h e  s t e p s i z e  would be  r e s t r i c t e d  o n ly  by t h e  t r u n c a t i o n  e r r o r .  I n  
g e n e r a l ,  t h e  l o c a l l y  e x a c t  t e c h n iq u e  i s  l e s s  c o n v e n i e n t  than  t h e  e x p l i c i t  
o r  i m p l i c i t  m e th o d s ,  b u t  i t  y i e l d s  more i n f o r m a t io n  a b o u t  th e  s y s t e m  o f  
e q u a t i o n s .
T h i s  d i s c u s s i o n  h a s  assumed t h a t  th e  p rob lem  r e p r e s e n t e d  b y  E q s .  
4 .2 9  i s  " w e l l  b e h a v e d " ,  t h i s  means t h a t  t h e  s o l u t i o n  i s  i n h e r e n t l y  s t a b l e ,  
and o u r  d i s c u s s i o n  o f  s t a b i l i t y  was c e n t e r e d  a ro u n d  w hat i s  c a l l e d  i n ­
duced  i n s t a b i l i t y ,  t h a t  i s ,  i n s t a b i l i t y  in d u c ed  by t h e  n u m e r ic a l  t e c h n i ­
que u s e d .  However, i t  c a n  a l s o  happen t h a t  th e  p ro b le m  i s  " i l l  p o s e d "  
o r  i n h e r e n t l y  u n s t a b l e  (R e f .  4 . 1 6 ) .  T h is  can  h a p p e n ,  f o r  exam ple ,  when 
t h e  g e n e r a l  s o l u t i o n  to  E qs .  4 .2 9  c o n t a i n s  e x p o n e n t i a l l y  growing te rm s
w hich m u s t  be s u p p re s e d  to  f u l f i l l  t h e  boun d ary  c o n d i t i o n s  im posed on  
th e  p ro b le m .  For ex am p le ,  t h e  g e n e r a l  s o l u t i o n  to  t h e  e q u a t io n
t
(4 .3 5 )
i s  g iv e n  by
y = C e*- + t  +1 ( 4 .3 6 )
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w here C i s  a n  i n t e g r a t i o n  c o n s t a n t .  I f  th e  i n i t i a l  c o n d i t i o n  i s  g iv e n  a s  
y (o) = 1 ,  w h ich  makes C = 0 so  t h a t  t h e  s o l u t i o n  i s  a  s im p le  l i n e a r  te rm  
grow ing o n ly  s lo w ly  i n  c o m p a r is o n  w i th  t h e  e x p o n e n t i a l  te rm , any  n u m e r ic a l  
t e c h n iq u e  f o r  s o l v i n g  Eq. 4 .3 5  w i l l  i n t r o d u c e  th e  e x p o n e n t i a l  te rm  i n t o  
t h e  computed s o l u t i o n  r e s u l t i n g  i n  i n h e r e n t  i n s t a b i l i t y .
T h is  ty p e  o f  c o n d i t i o n  i s  common i n  p rob lem s d e s c r i b e d  b y  d i f f e r ­
e n t i a l  e q u a t i o n s  o f  th e  ty p e
D± (x) d 2y^ E i ( x )  .dy± 
d x 2 + dx
( i  = 1 , . . . ,n )  ( 4 ,3 7 )
-  F1 (Y1 , Y2 , . . . Y n)
w here  t h e  and  a r e  f u n c t i o n s  o f  t h e  in d e p e n d e n t  v a r i a b l e  x; t h e  
a r e  n o n l i n e a r  f u n c t i o n s  o f  y ^ ,  y 2 »***»yn » and E9S * 4*37 a r e  s u b j e c t  to  th e  
f o l l o w i n g  b o u n d a ry  c o n d i t i o n s
y j / o )  = yi>0  ( i  = l , . . . , n )  (4 .3 8 )
y i ( l )  = y i s i  ( i  = 1 ...........n) ( 4 .3 9 )
One p h y s i c a l  s i t u a t i o n  d e s c r i b e d  by E q s .  4 ,3 7  -  4 .3 9  i s  t h a t  a r i s i n g  from  
s i m i l a r  b o u n d a ry  l a y e r  f lo w s  in c l u d i n g  mass d i f f u s i o n  and f i n i t e - r a t e  
c h e m ic a l  r e a c t i o n s .
When th e  e q u a t io n s  a r e  i n h e r e n t l y  u n s t a b l e  t h e  m ethods d i s c u s s e d  a -  
bove f o r  s o l v i n g  Eqs. 4 .2 9  a r e  n o t  e f f e c t i v e .  Such m ethods a r e  u s u a l l y  r e ­
f e r r e d  to  a s  "m arch in g "  t e c h n iq u e s  b e c a u s e  t h e  s o l u t i o n  s t a r t s  a t  one o f  
th e  b o u n d a r i e s  a n d ,  f o r  e a c h  s t e p  t a k e n ,  t h e  s o l u t i o n  m arches  to w a rd s  t h e  
o t h e r  b o u n d a ry .  When m a rc h in g  t e c h n iq u e s  a r e  a p p l i e d  to  a  tw o - p o in t
b o u n d ary  v a l u e  p ro b lem , s u c h  a s  t h a t  r e p r e s e n t e d  by E qs .  4 .3 7  -  4 . 3 9 ,  i t
/
i s  n e c e s s a r y  t o  t r a n s f o r m  t h e  p rob lem  i n t o  an  i n i t i a l  v a l u e  p ro b le m .
dyi
T h is  i s  a cc o m p lish e d  by  g u e s s in g  t h e  v a l u e  o f  t h e  x  = 0 and u s in g
th e  m arch ing  t e c h n iq u e  to  com pute t h e  y ^ a t  x = 1 , i f  th e  computed y^ a t  
x  = 1 d i f f e r s  from t h e  d e s i r e d  v a l u e s ,  i t  i s  n e c e s s a r y  to  i t e r a t e  u n t i l  th e  
b o u n d a ry  c o n d i t i o n s  a t  x = 1 a r e  m e t.
B ecause  o f  th e  p rob lem s a s s o c i a t e d  w i th  t h e  u s e  o f  m arch ing  t e c h ­
n i q u e s ,  b o u n d ary  l a y e r  f low  p ro b lem s  i n c l u d i n g  mass d i f f u s i o n  and f i n i t e -  
r a t e  c h e m ic a l  r e a c t i o n s  have  b een  a p p ro a c h e d  w i th  w hat a r e  known a s  
" g l o b a l l y  i m p l i c i t "  t e c h n i q u e s .  T hese  a r e  t e c h n iq u e s  w hich  work d i r e c t l y  
w i th  t h e  tw o - p o in t  b o u n d a ry  v a l u e  p rob lem  and p ro d u ce  in  one  s t e p  t h e  s o l ­
u t i o n  o v e r  th e  dom ain  o f  i n t e r e s t .
Fay and Kay (R e f .  4 .1 6 )  u sed  a  g l o b a l l y  i m p l i c i t  method to  s o lv e  
th e  e q u a t i o n s  d e s c r i b i n g  a  l a m in a r ,  d i s s o c i a t i n g ,  n i t r o g e n  b o u ndary  l a y e r  
a t  t h e  s t a g n a t i o n  p o i n t  o f  an  a x isy m m e tr ic  b o d y .  The b o u n d a ry  l a y e r  e q ­
u a t i o n s  w ere  f i r s t  l i n e a r i z e d  a b o u t  an  i n i t i a l  t r i a l  s o l u t i o n  (o r  p r e ­
v i o u s  i t e r a t i o n )  i n  su ch  a  way t h a t  t h e  e q u a t i o n s  a r e  u n c o u p le d  ( e x c e p t  
i m p l i c i t l y  th ro u g h  t h e  t r i a l  s o l u t i o n ) .  The e q u a t io n s  w e re  th e n  c a s t  i n ­
to  an  i m p l i c i t  f i n i t e - d i f f e r e n c e  form  and s o lv e d  in  s e q u e n c e ,  t h e  t r i a l  
s o l u t i o n s  b e in g  u p d a te d  a f t e r  ea c h  s o l u t i o n  had  been  o b t a i n e d .  T h i s  s e ­
q u en ce  o f  s o l u t i o n s  was c o n t in u e d  u n t i l  th e  o r i g i n a l  d i f f e r e n t i a l  equa­
t i o n s  w ere  s a t i s f i e d  to  t h e  d e s i r e d  d e g re e  o f  a c c u r a c y .
B l o t t n e r  (R e f .  4 .1 7 )  s t u d i e d  t e c h n iq u e s  f o r  s o l v i n g  th e  v i s c o u s  
shock  l a y e r  f lo w  a t  t h e  s t a g n a t i o n  p o i n t  o f  a b l u n t  body f o r  a i r  w i th  
f i n i t e - r a t e  c h e m ic a l  r e a c t i o n s .  He found t h a t  a  g l o b a l l y  i m p l i c i t  t e c h ­
n iq u e ,  su ch  a s  t h e  orie used by Fay and  Kay, p roduced  co n v e rg e d  s o l u t i o n s  
i n  a  r e a s o n a b l e  am ount o f  t im e .  Adams, e t .  a l . ,  (R e f .  4 .1 8 )  a p p l i e d  t h e  
t e c h n iq u e  used  by Fay and Kay to  com pute t h e  i n v i s c i d  and v i s c i d  f low  
f i e l d s  a ro u n d  s p h e r i c a l l y  b lu n t e d  cone g e o m e t r i e s ,  i n c l u d i n g  i n j e c t i o n  o f  
i n e r t  a rg o n  o r  c h e m ic a l ly  r e a c t i n g  c a rb o n  d i o x i d e  w i th  c h e m ic a l  r e a c t i o n s
t a k i n g  p l a c e  a t  a  f i n i t e  - r a t e .
L iu  (R e f ,  4 .1 9 )  s tu d i e d  th e  p ro b lem  o f  hyd rogen  i n j e c t i o n  i n t o  a i r
a t  an  a x is y m m e tr ic  p o i n t  i n c l u d i n g  mass d i f f u s i o n  and n o n - e q u i l i b r i u m  
c h e m is t r y .  He s tu d i e d  t h e  a p p l i c a b i l i t y  o f  v a r i o u s  t e c h n i q u e s ,  su c h  a s  
a n  i m p l i c i t  m arch in g  te c h n iq u e  d e v e lo p e d  by Lomax (R e f .  4 .1 0 )  and t h e  
g l o b a l l y  i m p l i c i t  method u sed  by  Fay and Kay, and found  t h a t  some o f  t h e  
m e thods  c o u ld  n o t  b e  a p p l i e d  to  t h e  r e a c t i n g  f lo w  p rob lem  and th o s e  t h a t  
c o u ld  be  a p p l i e d  d id  n o t  work f o r  n e a r  c h e m ic a l  e q u i l i b r i u m  f lo w s .
To be  s u c c e s s f u l ,  any p ro p o se d  s o l u t i o n  method to  t h e  s t a g n a t i o n -  
l i n e ,  f i n i t e - r a t e  e q u a t io n s  m ust b e  i n  a c c o rd  w i th  t h e s e  p r e v io u s  s t u d i e s .  
DECOUPLING THE EQUATIONS
A lth o u g h  i t  i s  d e s i r a b l e  to  s o lv e  th e  e q u a t io n s  i n  T ab le  4 .4  i n  a  
co u p led  m anner ,  p r a c t i c a l  c o n s i d e r a t i o n s  make i t  n e c e s s a r y  to  d e c o u p le  
them . I t  m u s t  b e  n o t i c e d  t h a t  any  a t t e m p t  t o  s o lv e  t h e  e q u a t io n s  co u p led  
w ould  r e q u i r e  t h e  s im u l ta n e o u s  s o l u t i o n  o f  7 + n ( i n  o u r  p rob lem  n  = 19) 
n o n - l i n e a r ,  o r d i n a r y  i n t e g r o - d i f f e r e n t i a l  and  l i n e a r  i n t e g r a l  and a l g e ­
b r a i c  e q u a t i o n s .
An i l l u s t r a t i o n  o f  how c o u p le d  e q u a t i o n s  can  be  u ncoup led  i s  g iv e n  
b y  c o n s i d e r i n g  th e  p rob lem  o f  s o l v i n g
^  = a  L + a  L 
d t  11 1 12 2
( 4 .4 0 )
dL2
= a  L 4- a  L„ ( 4 .4 1 )
21 1 22d t
w here  L-^  and L2 a r e  t h e  d e p e n d e n t  v a r i a b l e s  and th e  a ^ ' s  a r e  c o n s t a n t s .  
I f  t h e  f u n c t i o n  L2 i s  g u e s s e d ,  (L2 ( ° ) ) ,  t h e n  t h i s  v a l u e  c a n  b e  u se d  in
w here  1 ^ ° ^  i s  a  known f u n c t i o n  o f  t .  T h is  e q u a t io n  can be  s o lv e d  f o r  
and t h i s  f u n c t i o n  can b e  u sed  as  a g u e s s  f o r  i n  Eq. 4 .4 1  to
g iv e
(1 )
d i>2
d t ~  ”  a22 L2
The f u n c t i o n  o b ta in e d  from  s o lv in g  t h e  e q u a t io n  above can  th e n  be
com pared to  ; i f  they  a r e  e q u a l  th e  p ro b lem  i s  s o lv e d ,  i f  n o t
i s  u sed  a s  th e  new ^  and t h e  p ro c e d u re  d e s c r i b e d  above i s  r e p e a t e d .
I t  i s  e a sy  to  s e e  t h a t  th e  p r i c e  t h a t  m ust be p a id  f o r  r e d u c in g  th e  o r ­
i g i n a l  p rob lem  to  t h a t  posed  by E qs .  4 .4 2  and 4 .4 3  i s ,  i n  g e n e r a l ,  a
g r e a t e r  amount o f  c o m p u ta t io n  n e e d e d .
The scheme u sed  to  d e c o u p le  th e  e q u a t io n s  i n  T a b le  4 .4  i s  g iv e n  i n  
F ig u r e  4 .1  w h i l e  T a b le  4 .5  c o n t a i n s  th e  u n c o u p le d  e q u a t i o n s .  F i r s t  o f
a l i i  v a l u e s  o f  P ^°^ ,  ( P y ) ^ ° \  and ( i  = l , . . . , n )  a r e  g u e s s e d .
W ith t h e s e  f u n c t i o n s  i t  i s  p o s s i b l e  t o  s o l v e  Eqs. 4 .44  and 4 .4 5  f o r
and ( t h i s  s e c t i o n  of t h e  f l o w c h a r t  i s  t h a t  e n c lo s e d  by t h e  d o t t e d
l i n e s ) ,  t h i s  i s  a cc o m p lish e d  by  g u e s s in g  f ( ° )  and s o l v i n g  Eq. 4 .4 4  f o r
th e n  Eq. 4 .4 5  i s  s o lv e d  f o r  f ^ .  I f  f ^ ^  = we p ro c e e d  to
s o l v e  f o r  v ^ ^  and 6 ^ ,  i f  n o t ,  f^ °^  and a r e  used  t o  compute th e
n e x t  g u e s s  ( f^ °^  = (1 -  X^) f °  + X ^ f ^ ,  w here  0 < X^ _< 1 ) and th e  p r o ­
c e s s  i s  r e p e a t e d .  Once f ^  and 2 ^  a r e  known, E qs . 4 .4 6  and 4 .4 7  a r e  
s o lv e d  f o r  v ^ a n d  6 ^ ]  r e s p e c t i v e l y ,  . I f  th e  i t e r a t i v e  p r o c e s s
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TABLE 4.5
DECOUPLED EQUATIONS
X -  Momentum
(0) (0) d2 z ( l )  + [ 2 '5 C0)2 .  £ <°> + dE(1)
----- y------ 0--------------- (------*—)
d n 9 X d n dn
(4 .4 4 )
~ ( 0 ) 3 ,dj>. 2
- V  s u >2 + 2 Res i<°> L , (1 -  j ,  - 0 . 0
9 X P 6 >0
3 X
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J  0
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E n e r g y :
TABLE 4.5 (Continued)
+ 1 n d h i  dCi ^  +
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( f  h i  d 2C i) °  
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S p e c ie s  C o n t i n u i t y :
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l  +
d n 2
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C a lo r i c  E q u a t io n  o f  S t a t e :
= fn  (h ^ 1  ^ , C l (0 \  Cn(0 h
Therm al E q u a t io n  o f  S t a t e :
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i s  ended and  th e  r e s u l t s  o u t p u t ,  i f  n o t  t h e  v a l u e s  o f  p ^  =
Cl) “ ( 1)v  and 6 a r e  u sed  i n  t h e  e n e rg y  e q u a t io n  (Eq. 4 .4 8 )  t o  s o lv e
f o r  h ^  , and th e  c a l o r i c  e q u a t i o n  o f  s t a t e  (Eq. 4 .5 0 )  i s  s o lv e d  f o r  T ^ \  
Then t h e  s p e c i e s  e q u a t i o n  (Eq. 4 .4 9 )  and t h e  th e rm a l  e q u a t i o n  o f  s t a t e
(Eq. 4 .5 0 a )  a r e  s o lv e d  f o r  ( i  = l , . . . n )  and p ^ .  Once th e  te m p er­
a t u r e  and c o n c e n t r a t i o n  p r o f i l e s  a r e  known, t h e  new v i s c o s i t y  ( y ^ )  i s
com puted , and p ^ , (py) and ( i = l , . . . , n )  c a n  be  u se d  a s
g u e s s e s  f o r  t h e  n e x t  i t e r a t i o n .  The f l o w c h a r t s  f o r  t h e  o p e r a t i o n s  n o te d  
i n  F i g u r e  4 . 1  a r e  g iv e n  i n  F ig u r e s  4 . 2  -  4 . 4  to  b e  d e v e lo p e d  be low . 
LINEARIZATION OF THE EQUATIONS
I n  t h e  p r e v io u s  s e c t i o n  t h e  e q u a t io n s  w ere  d e c o u p le d  (T a b le  4 . 5 ) ;  
t h i s  h a s  t h e  e f f e c t  o f  making e a c h  e q u a t i o n  in d e p e n d e n t  from  t h e  r e s t  
e x c e p t  th ro u g h  t h e  i t e r a t i v e  p r o c e s s .  However, t h e  e q u a t i o n s  a r e  s t i l l  
n o n l i n e a r  w i t h  v a r i a b l e  c o e f f i c i e n t s .  I n  c o n s i d e r i n g  t h e  k in d s  o f  num­
e r i c a l  t e c h n iq u e s  t h a t  may b e  u s e d  t o  s o l v e  t h e s e  e q u a t i o n s ,  t h e  f a c t  
t h a t  t h e  boundary  c o n d i t i o n s  a r e  g iv e n  on two d i f f e r e n t  p o i n t s  i n  t h e  
f l o w - f i e l d  s u g g e s t s  t h a t  " g l o b a l l y  i m p l i c i t "  f i n i t e - d i f f e r e n c e  a p p r o x i ­
m a t io n s  w ould  be  p r e f e r a b l e  t o  s o - c a l l e d  " s h o o t i n g "  o r  " m arch in g "  t e c h ­
n iq u e s  s i n c e  t h e  l a t t e r  r e q u i r e s  s p e c i f i c a t i o n s  o f  a l l  b o u n d ary  c o n d i ­
t i o n s  on  one p o i n t  i n  th e  f l o w - f i e l d .  As u s e d  i n  t h i s  w ork g l o b a l l y  
i m p l i c i t  means t h a t  eac h  d i f f e r e n t i a l  e q u a t i o n  i s  s u b s t i t u t e d  by f i n i t e -  
d i f f e r e n c e  a p p r o x im a t io n s  o v e r  t h e  e n t i r e  f l o w - f i e l d ,  and t h i s  r e s u l t s  
i n  a  s e t  o f  s im u l t a n e o u s  a l g e b r a i c  e q u a t i o n s  t h a t  when s o lv e d  y i e l d  t h e  
v a l u e  o f  t h e  d e p e n d e n t  v a r i a b l e  a t  d i f f e r e n t  p o i n t s  i n  t h e  f lo w  f i e l d .
I f  t h i s  f i n i t e - d i f f e r e n c e  t e c h n iq u e  i s  a p p l i e d  d i r e c t l y  to  t h e  non­
l i n e a r  e q u a t io n s  t h e  p rob lem  i s  r e d u c e d  to  s o l v i n g  a  s e t  o f  n o n - l i n e a r
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a l g e b r a i c  e q u a t io n s ;  how ever, due  to  th e  p r e s e n t  l a c k  o f  e f f i c i e n t  
t e c h n iq u e s  f o r  s o lv in g  s e t s  o f  n o n - l i n e a r  a l g e b r a i c  e q u a t io n s  i t  i s  
more c o n v e n ie n t  to  l i n e a r i z e  t h e  d i f f e r e n t i a l  e q u a t io n s  b e f o r e  th e y  a r e  
w r i t t e n  i n  f i n i t e - d i f f e r e n c e  fo rm . When t h i s  i s  done th e  problem  i s  
red u ce d  to  o b t a in in g  th e  s o l u t i o n  to  a s e t  o f  l i n e a r  a l g e b r a i c  e q u a t i o n s ,  
a  much e a s i e r  p rob lem .
C o n s id e r  a n o n - l i n e a r  o r d i n a r y  d i f f e r e n t i a l  e q u a t io n  o f  th e  form
,T{t>
= g {l , t}  (4 .5 1 )
w here g { L , t}  i s  t h e  n o n - l i n e a r  te rm ,  I t  i s  e v id e n t  t h a t  t h e r e  a r e  v a r ­
io u s  ways o f  l i n e a r i z i n g  t h i s  e q u a t io n ;  t h e  s im p le s t  one b e in g  to  use  
an  a p p ro x im a t io n  to  t h e  s o l u t i o n  to  w r i t e
^ (1) = g {L(o > , t}  ( 4 .2 5 )
T h is  e q u a t io n  i s  now l i n e a r  s i n c e  l / ° ^  i s  a  known f u n c t i o n  o f  t f i t
may be  s o lv e d  f o r  and i f  t h e  answer h a s  been  fo u n d ,
i f  n o t  i s  u sed  a s  th e  new g u e s s  and t h e  p ro c e s s  i s  r e p e a t e d .  An­
o t h e r  commonly used  l i n e a r i z i n g  te c h n iq u e  i s  to  expand t h e  n o n - l i n e a r
te rm  i n  Eq. 4 .5 1  a b o u t  t h e  f u n c t i o n  i n  a  T a y lo r  s e r i e s  t r u n c a t e d
a f t e r  t h e  second te rm  to  y i e l d
8 U ( 1 ) , = g U < ° > ,  c > +  ' >  <L<1) -  l ( 0 > )
(4.53)
and by s u b s t i t u t i o n  o f  t h i s  r e l a t i o n  i n  Eq. 4 .5 1
dL( 1) 3e {Ij( t}  L (1 > = g {L(1)  , t}  -  3fi {L( 0 ) . t}  L ( 4 .5 4 )
d t  ”  3t  3 t
T h is  t e c h n iq u e  i s  known a s  q u a s i l i n e r i z a t i o n  ( R e f s .  4 .2 0  and 4 .2 1 )  and
h a s  been  u sed  e x t e n s i v e l y  t o  s o l v e  p rob lem s  i n  f l u i d  and o r b i t a l  mech-
(K)a n i c s .  I t  can b e  d e m o n s t ra te d  t h a t  i f  t h e  s e q u e n c e  {L } c o n v e rg e s ,
(K.)t h a t  i s  i f  l im  {L } = L, i t  does  i t  m o n o t o n ic a l ly  ( f o r  exam ple  i f  
K
< L f o r  a l l  t  m o n o to n ic i ty  o f  co n v e rg e n ce  means <_ . . .
<_ L , and q u a d r a t i c a l l y
| l (K+ 1) _ l (K) | = N  | l (K) _ l ( K - 1 ) |  ( 4 .5 5 )
w h ere  N i s  a  c o n s t a n t .  A lth o u g h  th e s e  two p r o p e r t i e s  make t h e  t e c h n iq u e  
e x t r e m e ly  p o w e r f u l ,  i n  p r a c t i c e  t h e  c o m p u ta t io n  o f  3 g /3 t  may b e  v e r y  
c o s t l y .  T h e r e f o r e ,  i n  some i n s t a n c e s  t h e  s im p l e r  t e c h n iq u e  g iv e n  by 
Eq. 4 .5 2  may b e  p r e f e r a b l e .
I n  t h e  p r e s e n t  a p p l i c a t i o n  u se  w i l l  b e  made o f  b o th  t h e  s im p le  
l i n e a r i z a t i o n  and q u a s i l i n e a r i z a t i o n  t e c h n i q u e s .
X -  momentum:
( 1 ) 2The n o n - l i n e a r  te rm  i n  Eq. 4 .4 4  i s  t h e  Z te rm , and q u a s i l i n e r ­
i z a t i o n  y i e l d s
z ( 1 >2 = z <°>2 +  2Z<°> <Zt U  -  Z(0 >)
= 2Z (0) Z(1? -  Z (0 )  ( 4 .5 6 )
when t h i s  r e l a t i o n  i s  s u b s t i t u t e d  i n  Eq. 4 .4 4  th e  r e s u l t  i s
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- 2  Re^ 6 ( 0 ) 3  3 ^  q ZC°) z ^  = ( 4 . 5 7 )
p (0)^(0) 3 X
-2  R e . 6 0 (o) r y  cl -  p) ( f r )  x = o 6(o>2 3c6 o z (o)2 "]
+ — • a x J
U  3 X
p « V ° >
T h is  e q u a t io n ,  I s  now l i n e a r  and may b e  s o lv e d  a s  shown i n  F ig u r e  4 . 2 .  
E n e rg y :
The en e rg y  e q u a t i o n  (Eq. 4 .4 8 )  i s  l i n e a r  i n  h ^ \  and t h e r e f o r e  
l i n e a r i z a t i o n  i s  n o t  n e e d e d .  I n v e r s i o n - o f  t h e  c a l o r i c  e q u a t i o n  o f  s t a t e  
i s  a c c o m p l i s h e d  a s  f o l l o w s :
From Eq. 4 .4
h C1  ^ * 2  h ± {T> ( 4 .4 )
i
t h e r e f o r e  th e  p ro b lem  c o n s i s t s  o f  f i n d i n g  a  r o o t  o f  t h e  e q u a t i o n  
G{T} = h ^  -  2  C . ^  h (T )i  i  i
S in c e  t h e  h ^ T )  a r e  n o n l i n e a r  f u n c t i o n s  o f  T ,  t h e  New ton-Raphson t e c h ­
n iq u e  was u s e d :  
a
G = G { T ^ }  + dG(k) (T (K + ^  -  T ^ )
dT
G fT(K )>
t (K +  1) _ t (k) = -
dT
AT(K) - 2  c  <°> h .  CX(K>) h ^ >  -  h (K>
AT i  1 C (K)
“  I  f:i C0) Cp i  (T <K>)
P
YesITER =
ItS PUT Z (° )
SOLVE X -M O M E N - 
TUM EQUATION 
(EQ. 4.57;  FORZO)
z<°> = ( i - A2) z ( ° )  + \ ?z<1)
Yes
F ig ure  4 . 2  S o l u t i o n  o f  X - m o m e n t u m  Eq uat ion
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U sing u n d e r e l e x a t i o n  to  o b t a i n  convergence  
+ 1) _= + X3 A T ^
= t (k> + X. h W  -  h<k)„■ (K)
0 < x3 < X (4 .58 )
(K+l) ( 1)Once T h a s  converged i t  becomes th e  new T
The f l o w c h a r t  f o r  th e  s o l u t i o n  o f  t h e  e q u a t io n  o f  e n e rg y  and th e
c a l o r i c  e q u a t i o n  o f  s t a t e  f o r  h ^  and T ^  i s  g iv e n  in  F i g .  4 . 3 .
S p e c ie s  C o n t i n u i t y :
The r e a c t i o n  r a t e  te rm  i n  Eq. 4 .49 i s  n o n - l i n e a r ,  t h e r e f o r e ,
q u a s i l i n e a r i z a t i o n  g ives
M (1) = a / 0) +  ^ ( C . (1) -  C . ( 0 ) ) ( i  = 1 ,  . . . ,  n) (4 .5 9 )
1 1 3C.
and  the  s p e c i e s  e q u a t io n  becom es
p (0) D(1> d2 C . (1)1 +
d n'
d (p<0) DC1) J ( U  p (0) v Ci)
d n
d o i
CD
d n
(1 l j  n t )  n)
+  « ( 1 >2 8 “i (0)  c . ( 1 )  " ( 1 ) 2
(0) 3C.
P i
(0) v l
60)
The scheme f o r  s o lv in g  th e  e q u a t io n  above, and  th e  th e rm a l  e q u a t io n  of 
s t a t e  i s  g i v e n  i n  F igure  4 . 4 .
NUMERICAL SOLUTION OF THE EQUATIONS
As w r i t t e n  i n  the p r e v i o u s  s e c t i o n ,  t h e  c o n s e r v a t io n  e q u a t io n s  
(E qs . 4 .5 7 ,  4 . 5 8 ,  and 4 .6 0 )  a r e  o f  ithe form
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Yes
No
INPUT t (°)
Yes
COMPUTE h(°)-
h (0 )  = ( l - X 4 ) h ( 0 )  + X4h ( D
SOLVE ENERGY 
EQUATION (EQ. 
4.48)  FOR h f )
SOLVE CALORIC 
EQUATION OF . . 
STATE (EQ. 4 . 5 8 )  
FOR T«)
F ig u r e  4 . 3  S o l u t i o n  o f  Ener gy  E q u a t io n
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Y e s No
IS
No
/  HAS > 
j th  SPECIES 
^CONVERGED?
Yes
/  ARE 
ALL SPECIES 
''•CONVERGED?
SOLVE THERMAL 
EQUATION OF 
STATE FOR P
SOLVE SPECIES 
CONTINUITY El 
(EQ. 4 .6 0 )  FOR C
F ig u r e  4 . 4  S o l u t i o n  o f  C o n t i n u i t y  E q u a t io n  and 
Therm al E q u a t io n  o f  S t a t e
w here a-  a„ a„  and a .  a r e  f u n c t i o n s  o f  r>. The n u m e r ic a l  s o l u t i o n  1 ,  2 , 3 ,  4
o f  Eq. 4 .6 1  was ac c o m p lish e d  by s u b s t i t u t i n g  f i n i t e - d i f f e r e n c e  a p p r o x i ­
m a t io n s  f o r  th e  d e r i v a t i v e s  i n  th e  e q u a t i o n .  T hese  a p p ro x im a t io n s  w ere  
o b t a in e d  as  f o l l o w s :  Knowing th e  v a l u e  o f  W and i t s  d e r i v a t i v e s  a t  any
p o i n t  rij i n  th e  f l o w - f i e l d  i t  i s  p o s s i b l e  t o  w r i t e  t h e  T a y lo r  s e r i e s
e x p r e s s i o n  f o r  t h e  v a lu e  o f  W a t  p o i n t
dW. d2W. / h .  , - n .  2 , ~
V i - + 5^ <Vi"V + ^  *=--»-■> + o (Vl - n /
( 4 .6 2 )
w here  W. = W ( n . ) «  Knowing W. and i t s  d e r i v a t i v e s  i t  i s  a l s o  p o s s i b l e  
3 1 3
to  w r i t e  an e x p r e s s i o n  f o r
W., n _ W dW. ( r) .,  - - q . ) ^  , n /_ \ 3
3 ■ ; v  J+1 3 + °  (4 .6 3 )
N e g le c t i n g  h i g h e r  o r d e r  te rm s  and s o l v i n g  E qs . 4 .6 2  and 4 .6 3  f i r s t  f o r
2 2dWj/dn and th e n  f o r  d W^/dn y i e l d s
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d2W,
dn A n .  ( A n . +  A n .  , )J  J  J
j+1 (-2)A n .  AV l
w.
J
( 4 .6 5 )
ATi j - l  (An^  + Anj_x)
w. ,
J - l
w h ere  An . = n •, -  n . ■
J J+ 1  j
When Eq. 4 .6 1  i s  e v a l u a t e d  a t  n j  and E qs .  4 .6 4  and 4 .6 5  a r e  in t r o d u c e d  
th e  r e s u l t  i s
2a -  . -  A n . a  
 1>J 3- - Z »J
A n . . ^  (An. .  +  A n ^ ^
+ a „  . 3 , J
W. . ,
J“1 +
W.
2a. .  . +  A n . ,  a„ . 1 , 1  j - l  2 , j
An^ (An^ + A n ^ ^
- 2 a . .  . +  ( A n .  -  A n .  - )  a  
1»J_______ 3 J - l  2 , j
A n .  A n .  i 
3 J - l
w
j + 1  °  a .  . J 4 , j ( 4 .6 6 )
E q u a t io n  4 .6 6  i s  o f  th e  form
A.W. . +  B.W.  +  C.W.^,  = D.  
J J - l  J J J J+1 J
(4 .6 7 )
L e t t i n g  n = 0 and n = 1  t h i s  means t h a t  W and W a r e  known s i n c e  th ey  o m o m
a r e  boundary  c o n d i t i o n s ,  when Eq. 4 .6 7  i s  w r i t t e n  f o r  1 <_ j  <_ (m-1) th e  
r e s u l t i n g  s e t  o f  e q u a t io n s  i s  g iv e n  i n  m a t r i x  n o t a t i o n  by
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— — — —
Bl c l wi D1 "  A1 Wo
A2 B2 C2 W2 D2
A3 B3 °2 W3 °3
«  *  «
•  •  •
•
«
*
4
•  ■ *
Am-2 Bm-2 Ctn-2
■
Wm-2
•
Dm-2
Am-1 Bm-1 Wm-1 Dm-1 -  Cm—1 Wm
—
The Thomas a l g o r i t h m  f o r  t r i d i a g o n a l  m a t r i c e s  (R e f .  4 .22 ) i s  a  v e r y  
e f f i c i e n t  scheme f o r  s o l v i n g  s e t s  o f  l i n e a r  a l g e b r a i c  e q u a t io n s  i n v o l - '  
v in g  t r i d i a g o n a l  m a t r i c e s  and h a s  b e e n  used  i n  t h i s  work t o  s o l v e  Eq. 
4 .6 8 .
The s o l u t i o n  o f  E q u a t io n s  ( 4 .6 8 )  was a c c o m p lish e d  by w r i t i n g  a 
com puter  program  t o  p e r fo rm  th e  n e c e s s a r y  c a l c u l a t i o n s .  T h is  p rog ram  
(SLAC- S t a g n a t i o n  L in e  A n a ly s i s  w i t h  C h em is try )  i n c l u d e s  th e  th e rm o -  
dyn am ic ,  t r a n s p o r t ,  k i n e t i c ,  and r a d i a t i v e  p r o p e r t i e s  d i s c u s s e d  i n  
C h a p te r  3 ,  a s  w e l l  a s ,  a  s u b r o u t i n e  to  c a l c u l a t e  l o c a l  c h e m ic a l  e q u i ­
l i b r i u m .  The e q u i l i b r i u m  c a l c u l a t i o n  u se s  a  f r e e  en e rg y  m in im i z a t i o n  
te c h n iq u e  d e v e lo p e d  by D el V a l l e  and  P ik e  (R e f .  4 . 2 3 ) .  SLAC i s  d i s ­
c u s s e d  i n  A ppendix  A and l i s t e d  i n  A ppendix B.
T h i s  program  i s  a  t o o l  w h ich  m odels  th e  s t a g n a t i o n  r e g io n  o f  an 
a b l a t o r - p r o t e c t e d  e n t r y  v e h i c l e .  A dequa te  b o u n d a r y - c o n d i t i o n s  to  
d e s c r i b e  t h e  b o w -sh o ck  and a b l a t i n g  s u r f a c e ,  a s  d e s c r ib e d  h e r e i n ,  m us t
b e  s p e c i f i e d  to  u t i l i z e  t h i s  p rog ram .
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CHAPTER 5
RESULTS OF STAGNATION REGION HEATING ANALYSIS
The SLAC p rogram  was u sed  to  compute t h e  f i n i t e - r a t e  and  e q u i l i ­
b r iu m -  c h e m is t r y  s t a g n a t i o n - l i n e  h e a t i n g  r a t e  o f  a  9 f o o t  e n t r y  v e h i c l e
moving a t  5 0 ,0 0 0  f e e t / s e c o n d  when th e  f r e e - s t r e a m  a i r  d e n s i t y  i s  8 .85  
—8 3xlO s l u g s / f t  and  th e  mass i n j e c t i o n  r a t e  (pr v /p  U ) e q u a l s  .0 5 .w w 00 “
The v e h i c l e  i s  p r o t e c t e d  by a p h e n o l i c - n y l o n  a b l a t o r  w i t h  t h e  f o l lo w in g  
e l e m e n t a l  c o m p o s i t io n  ( e l e m e n t a l  mass f r a c t i o n )  : 73.03% c a rb o n ,  7.29% 
h y d ro g e n ,  4.96% n i t r o g e n  and 14.72% oxygen . The c h a r  s u r f a c e  was 
assumed to  b e  a t  th e  s u b l i m a t i o n  t e m p e r a tu r e  o f  c a rb o n  a t  .1  a tm o sp h ere  
p r e s s u r e  (Tw = 3 ,4 5 0 °K ) .  The s h o c k  was assum ed to  be  c o n c e n t r i c
= 0 i t  = i )  
kdx  U ’ dx 1 } ‘
T h ese  f l i g h t  c o n d i t i o n s  and th e  r a t e  o f  mass i n j e c t i o n  w ere  u sed  
b e c a u s e  th e y  c o r r e s p o n d  to  t h e  c o n d i t i o n s  o b t a i n e d  by  E n g e l  (R e f .  5 .1 )  
when th e  a b l a t o r  and  th e  e q u i l i b r i u m  sh o ck  l a y e r  s o l u t i o n s  a r e  c o u p le d .  
I n  o t h e r  w o rd s ,  a c c o r d in g  to  h i s  r e s u l t s ,  a  v e h i c l e  m oving u n d e r  th e  
f l i g h t  c o n d i t i o n s  l i s t e d  above and p r o t e c t e d  by p h e n o l i c - n y l o n  a b l a t e s  ■ 
a t  a  5% r a t e .  F u r th e rm o re ,  Esch  (R e f .  5 .2 )  a l s o  o b t a i n e d  c h em ica l  
e q u ib ib r iu m  r e s u l t s  f o r  th e  same f l i g h t  c o n d i t i o n s  and  i n j e c t i o n  r a t e .  
T h is  means t h a t  t h e  e q u i l i b r i u m  r e s u l t s  o b t a in e d  d u r in g  t h e  p r e s e n t  w ork 
may b e  com pared to  t h o s e  o b ta in e d  by th e  two i n v e s t i g a t o r s  m en tioned  
ab o v e .  The c o m p ar iso n  i s  more v a l i d  th a n  i n  m ost c a s e s  s i n c e  t h e  same 
r o u t i n e  was u sed  by a l l  t h e  i n v e s t i g a t o r s  t o  s o l v e  t h e  R an k in e -H u g o n io t  
e q u a t i o n s .  T h is  means t h a t  t h e  sh o ck  b o u n d ary  c o n d i t i o n s  used  were 
i d e n t i c a l .  I n  a d d i t i o n ,  th e  r a d i a t i o n  m odel u sed  was t h e  same.
n o
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A co m p le te  s o l u t i o n  to  t h i s  e n t r y - h e a t i n g  p ro b lem  would ad m it  non­
e q u i l i b r i u m  c h e m is t r y  e f f e c t s  i n  th e  a b l a t o r  r e s p o n s e  a n a l y s i s .  Such 
c o n s i d e r a t i o n s  c o u ld  g iv e  d i f f e r e n t  a b l a t o r  s p e c i e s  and ( o u t s i d e )  w a l l  
t e m p e r a t u r e s .  Even i f  th e  a b l a t o r  e f f l u e n t  i n t o  t h e  sh o ck  l a y e r  w ere  
i n  e q u i l i b r i u m ,  an- e n t i r e  new s e r i e s  o f  c a l c u l a t i o n s  s i m i l a r  t o  th e
o nes  done by E n g e l  (R ef .  5 .1 )  s h o u ld  b e  p e r fo rm e d  t o  d e te rm in e  t h e  n o n -
e q u i l i b r i u m  c o u p l e d  s o l u t i o n .  A b la to r  n o n - e q u i l i b r i u m  i s  n o t  i n  th e  sco p e  
o f  t h i s  r e s e a r c h ,  and non—e q u i l i b r i u m  c o u p l in g  m ust a w a i t  th e  deve lopm en t 
o f  a n  a d e q u a te  non—e q u i l i b r i u m  shock  l a y e r  a n a l y s i s .  T h i s  l a t e r  deve­
lo p m en t i s  p r e c i s e l y  th e  s u b j e c t  of t h i s  r e s e a r c h .
The w a l l  and shock  b o u n d a ry  c o n d i t i o n s  used  i n  t h i s  s tu d y  a r e  
g iv e n  i n  T a b le  5 . 1 .  T a b le  5 . 2  p r e s e n t s  a  summary o f  t h e  f l i g h t  con­
d i t i o n s  used and  th e  shock  l a y e r  p r o p e r t i e s  o b t a i n e d .  S in c e  changes  
i n  f l i g h t  c o n d i t i o n s  s t r o n g l y  a f f e c t  t h e  b e h a v io r  o f  b o th  c h e m ic a l  
k i n e t i c s  and s h o c k  l a y e r  c a l c u l a t i o n s ,  th e  model and t h e  s o l u t i o n
scheme d e v e lo p e d  i n  t h i s  w ork s h o u ld  b e  s t u d i e d  o v e r  a  w ide  r a n g e  o f
f l i g h t  c o n d i t i o n s  to  d e te rm in e  i t s  a d e q u a c y .  I n  t h e  p r e s e n t  work o n ly  
one s e t  of f l i g h t  c o n d i t i o n s  was c o n s i d e r e d ,  b u t  i t  i s  b e l i e v e d  t h a t  
s i n c e  th e  c o n d i t i o n s  a r e  t y p i c a l  o f  t h o s e  e n c o u n te re d  d u r in g  a tm os­
p h e r i c  e n t r y ,  t h e  model and i t s  s o l u t i o n  s h o u ld  w ork f o r  a  ra n g e  o f  
c o n d i t i o n s  s i m i l a r  to  th e  o n es  c o n s id e r e d .
COMPUTATION OF BODY HEATING RATE
S in c e  c o m p u ta t io n  o f  body  h e a t i n g  r a t e s  f o r  e q u i l i b r i u m  and f i n i t e -  
r a t e  c h e m is t ry  was one o f  t h e  s t a t e d  o b j e c t i v e s  o f  t h i s  i n v e s t i g a t i o n ,  
i t  i s  p r o p e r  t o  d i s c u s s  how t h i s  c o m p u ta t io n  i s  p e r fo rm e d .
As was d i s c u s s e d  i n  C h a p te r  2 ,  t h e  s t a g n a t i o n  l i n e  e n e rg y  boundary  
c o n d i t i o n  a t  th e  body s u r f a c e  i s  g iv e n  i n  d im e n s io n a l  form by
11?
TABLE 5.1 WALL AND SHOCK BOUNDARY CONDITIONS
W all (y  -  0)
1 .  pv  a  2 .2 3  x  10 -4 s lu g
f t  - s e c
Shock ( y « 6 )
1 . pv  = -4v45 x 10 ^
f t  - s e c
2 . d<;pV) = 8 .5  x 10~2 - ~ S-d y f t  - s e c
3, T = 3 ,450°K 3 .  T = 13 ,000°K
4 .  C^ “  C hem ica l e q u i l i b r i u m
c o m p o s i t io n  o f  a b l a t i o n  
p r o d u c t s  a t  3 ,450°K  and 
0 .1  a tm o sp h e re
4 .  C. = C hem ica l e q u i l i b r i u m  
c o m p o s i t io n  o f  a i r  a t  
1 3 ,0 0 0 ° K and 0 .1  a tm o s­
p h e re
TABLE 5 .2  SUMMARY OF FLIGHT CONDITIONS AND 
SHOCK LAYER PROPERTIES
p = 8 .85  x  10~8 s l u b / f t 3CO
U = 5 x 10^ f t / s e c
CO
p = 8 .4 4  x 10 8 s l u g / f t 3 w
1
v = 2 .6 4  x  10 f t / s e c  w
T = 3,450°K  w
Pg = 1 .7  x 10 8 s l u g / f t 3
v .  = - 2 .6 2  x 103 f t / s e c  0
T5 = 13,000°K
= 0 .1  atm
p" = 0 .0536  
R = 9 f t
I n j e c t i o n  r a t e  = 5%
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(pvH -  k ^  +  E h . J .  + q  ) +  =dy ± x i , y  r  ,y
(2.50e)
H t  11 -
(pvH -  k ^ + S h .  J,  +  q ) = Qdy ± i  i , y  ^ r , y '
The h e a t i n g  r a t e  Q I s  t h e  n e t  amount o f  e n e rg y  h e a t i n g  th e  b o d y .  I t  
m ust be r e c a l l e d  t h a t . t h e  +  and -  s u p e r s c r i p t s  r e f e r  t o  t h e  sh o ck  l a y e r  
and char  s i d e s  o f  th e  i n t e r f a c e ,  r e s p e c t i v e l y .  Q i s  com puted b y :
4-
Q -  (pv H - k § + S h ± J i> y  +  , r j y ) ( 5 .1 )
P r e l i m i n a r y  c a l c u l a t i o n s  showed th e  f i r s t  te rm  i n  t h i s  e q u a t i o n  to  be  
n e g l i g i b l e  when compared t o  t h e  o t h e r  te rm s  i n  t h e  e q u a t i o n ,  f o r  t h i s  
r e a s o n  i t  w as n o t  in c lu d e d  i n  th e  c o m p u ta t io n  o f  Q.  The h e a t i n g  r a t e  
to  th e  body was e x p re s s e d  as
Q = Q c  +  Qd  +  QR ( 5 > 2 )
w here
dTQ = -  k ~r~ = h e a t  t r a n s f e r  by c o n v e c t io n  ( 5 .3 )^c  dy '
n
Q, = -  E h . J .  = H ea t  t r a n s f e r  by d i f f u s i o n  ( 5 .4 )
■ d i  1
= H eat t r a n s f e r  by r a d i a t i o n  ( 5 .5 )
FINITE-RATE CHEMISTRY RESULTS
The SLAC program  was u s e d  to  compute n o n - e q u i l i b r iu m  te m p e r a t u r e ,  
e n th a lp y ,  d e n s i t y ,  v e l o c i t y  and mass f r a c t i o n s  p r o f i l e s ,  and  th e  body 
h e a t i n g  r a t e  f o r  th e  f l i g h t  c o n d i t i o n s  p r e v i o u s l y  d i s c u s s e d .  Two s e t s  
o f  runs  w e re  p e r fo rm e d ,  o n e  u s in g  th e  c h e m ic a l  k i n e t i c s  m odel d e s c r ib e d  
i n  C h ap te r  3 ,  and  th e  o t h e r  u s in g  a  m o d i f ie d  k i n e t i c s  model d e v e lo p e d
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by B a lh o f f  (R e f .  5 . 3 ) .  The m o d i f ie d  model assum es th e  same r e a c t i o n s  
u sed  i n  th e  m odel d e s c r i b e d  i n  C h a p te r  3 ,  b u t  th e  c o e f f i c i e n t s  o f  th e  
fo rw a rd  r e a c t i o n  r a t e  c o n s t a n t s  w e re  m o d i f i e d  a s  shown i n  T a b le  5 . 3 .  
Com parison o f  t h e s e  c o e f f i c i e n t s  to  th o s e  i n  T a b le  3 .8  shows t h a t  w h i l e  
th e  r e a c t i o n s  used  a r e  t h e  sam e, B a l h o f f ' s  c h e m is t ry  model u s e s  s i g n i ­
f i c a n t l y  s m a l l e r  r e a c t i o n  r a t e  c o n s t a n t s  i n  9 o f  th e  16 r e a c t i o n s  con­
s i d e r e d .  B a l h o f f ’s model i s  i n  e f f e c t  a  m o d i f i c a t i o n  o f  th e  o r i g i n a l  
m ode l u se d  s i n c e  i t  was found  o u t  t h a t  t h e  f r e q u e n c y  f a c t o r s  computed 
u s in g  c o l l i s i o n  th e o ry  w ere  i n  e r r o r .
The r e s u l t s  from  b o th  ru n s  a r e  p r e s e n t e d  h e r e  (T a b le  5 .4 )  t o  g iv e  
an  i n d i c a t i o n  o f  how s e n s i t i v e  th e  h e a t i n g  r a t e  i s  t o  t h e  v a l u e  o f  th e  
r a t e  c o n s t a n t s  u s e d .  I t  m ust be  p o i n t e d  o u t  t h a t  t h e  s o l u t i o n  u s in g  
th e  r a t e s  i n  T a b le  5 .3  w ere  o b ta in e d  i n  a b o u t  5% o f  t h e  com puter t im e ,  
i t  to o k  to  o b t a i n  t h e  s o l u t i o n  w i th  th e  o r i g i n a l  c h e m is t ry  model (18 
h o u rs  v s .  45 m in u te s  i n  an IBM 3 6 0 /6 5 ) .  T h is  was p ro b a b ly  due t o  t h e  
f a c t  t h a t  t h e  r a t e s  used  i n  th e  o r i g i n a l  c h e m is t ry  model w ere  .much 
f a s t e r  th a n  th o s e  i n  t h e  m o d i f ie d  m o d e l,  and t h i s  made c o n v e rg e n c e  
o f  th e  s p e c i e s  s o l u t i o n  more d i f f i c u l t .
CHEMICAL EQUILIBRIUM RESULTS
R e s u l t s  o b t a in e d  from  th e  SLAC program  u s in g  an  e q u i l i b r i u m  chem­
i s t r y  m odel f o r  th e  f l i g h t  c o n d i t i o n s  p r e v i o u s l y  d i s c u s s e d  p r o v id e  
p r o f i l e s  o f  t e m p e r a t u r e ,  e n t h a l p y ,  d e n s i t y ,  v e l o c i t y  and  mass f r a c t i o n s  
from  th e  body s u r f a c e  ( y /6  = 0) to  t h e  sh o ck  (y/<5 = 1 ) ,  and th e  body 
h e a t i n g  r a t e .  I t  was m a in ta in e d  above t h a t  one o f  t h e  r e a s o n s  f o r  
c h o o s in g  th e  f l i g h t  c o n d i t i o n s  s t u d i e d  was t h e  f a c t  t h a t  b o th  E n g e l 
(R e f .  5 .1 )  and  Esch  (R e f .  5 .2 )  had  s t u d i e d  th e  same c o n d i t i o n  and  . 
t h e r e f o r e ,  th e  v a l i d i t y  o f  th e  e q u i l i b r i u m  r e s u l t s  o b t a i n e d  from  SLAC
TABLE 5 .3  MODIFIED COEFFICIENTS OF THE 
FORWARD REACTION RATE CONSTANTS
. t h  R e a c t io n  
3
a  ,
b f i 6f j
Comments
1 1 .0 9  E 10 0 .5 71 ,000 *
2 4 .5 0  E 11 0 .5 35 ,000
3 1 .1 0  E 21 - 1 . 5 2 24 ,900
4 3 .6 0  E 18 - 0 .8 2 103 ,000
5 2 .8 0  E 12 0 .5 313 ,000
6 2 .9 0  E 12 0 .5 333 ,000
7 2 .2 0  E 20 - 1 .0 1 31 ,800
8 1 .0 9  E 10 0 .5 120,000 *
9 1 .2 2  E 10 0 .5 1 40 ,000 *
10 1 .2 3  E 10 0 .5 117 ,000 A
11 8 .5 0  E 19 - 1 .0 2 57 ,900
12 1 .2 8  E 10 0 .5 1 9 0 ,000 A
13 1 .2 0  E 10 0 .5 1 55 ,000 *
14 1 .2 1  E 10 0 .5 ]6 5 ,0 0 0 *
15 1 .0 9  E 10 0 .5 115 ,000 *
16 1 .0 9  E 10 0 .5 145 ,000 *
*T his  r a t e  c o n s t a n t  i s  d i f f e r e n t  from  t h a t  u sed  i n  th e  m odel 
d e s c r i b e d  i n  C h a p te r  3.
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TABLE 5 .4  NON-EQUILIBRIUM HEATING RATES AS PREDICTED BY
TWO SETS OF RATE CONSTANTS
it it
#
it
R a te  C o n s ta n t s % qr Q
T a b le  5 .3 30 1 138 169
T a b le  3 .8 4 1 106 111
2
it w a t t s / c m
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c o u ld  be  c o r r o b o r a t e d .
B e fo re  p r o c e e d in g  to  d i s c u s s  and compare t h e  r e s u l t s  o b ta in e d  to  
t h o s e  o b ta in e d  by E nge l (R e f .  5 .1 )  and  Esch (R e f .  5 . 2 ) ,  i t  i s  r e l e v a n t  
t o  d i s c u s s  th e  d i f f e r e n c e s  i n  th e  m ode ls  u sed .  F i r s t l y ,  E n g e l  used  
t r a n s p o r t  p r o p e r t i e s  o f  a i r  th o u g h o u t  t h e  f low  f i e l d  ( i n c l u d i n g  th e  
r e g i o n  from th e  s t a g n a t i o n  p o i n t  to  t h e  body) w h i l e  Esch and  th e  p r e ­
s e n t  work u sed  p r o p e r t i e s  o f  a i r  and a b l a t i o n  p r o d u c t s  th ro u g h o u t  th e  
f lo w  f i e l d .  S e c o n d ly ,  t h e  s p e c i e s  w a l l  b o u n d ary  c o n d i t i o n s  a r e  g iv e n  
by  (See Eq. 2 . 5 0 b ) .
(pv ) C -  J  = (pv) C "  ( i  = 1 ,  . . . , r i )  ( 5 .6 )w i ,w  i>w w i
w h ere  th e  te rm  , w hich  c o r r e s p o n d s  t o  mass d i f f u s i o n  i n s i d e  t h e  c h a r
h a s  b e e n  n e g l e c t e d ,  and th e  C_^  a r e  t h e  mass f r a c t i o n s  o b t a in e d  from
th e  a b l a t o r  r e s p o n s e  a n a l y s i s .  Esch assum ed t h a t  mass d i f f u s i o n  c o u ld
dCb e  d e s c r ib e d  by u s in g  a  b i n a r y  d i f f u s i o n  c o e f f i c i e n t  ( J  = -pD  i ) ,
dy
and u se d  b o u n d a ry  c o n d i t i o n s  o f  t h e  t h i r d  k in d :
(pv) C. + ( D dCi ) = (Pv) C ( 5 .7 )W 1 ,W , w W 1dy
( i  — 1 > * • *» 'n)
E n g e l  assumed t h e r e  was no d i f f u s i o n  th ro u g h o u t  th e  f lo w  f i e l d
( J . ( y )  = J .  = 0 ) ,  and u s e d  boun d ary  c o n d i t i o n s  o f  t h e  f i r s t  k in d :  i  J i ,w
j.  “ C, ( l  — 1, . . . , T"|)1 |W X ( 5 .8 )
I n  th e  p r e s e n t  i n v e s t i g a t i o n  mass d i f f u s i o n  was a l lo w e d  th ro u g h o u t  
th e  sh o ck  l a y e r  b u t ,  i n  o r d e r  t o  s i m p l i f y  th e  s o l u t i o n  t o  t h e  s p e c i e s  
e q u a t i o n s ,  th e  b o u n d ary  c o n d i t i o n s  u sed  a t  th e  w a l l  w ere  o f  th e  f i r s t  
k i n d :
119
C. = C ( i  = 1 ,  . . . ,  n) ( 5 .9 )1 jW 1.
L a s t l y ,  b o th  E n g e l  and Esch s o lv e d  th e  en e rg y  e q u a t i o n  i n  t e m p e r a tu r e  
fo rm  w h i le  i n  t h e  p r e s e n t  w ork an e n t h a lp y  form  o f  t h e  en e rg y  e q u a t i o n  
was u s e d .  As was d i s c u s s e d  i n  C h a p te r  4 ,  many a t t e m p t s  were made a t  
s o l v i n g  t h e  e n e rg y  e q u a t i o n  i n  t e m p e r a tu r e  te rm ,  ho w ev er ,  i t  was n o t  
p o s s i b l e  to  o b t a i n  a  s o l u t i o n ,  and t h e r e f o r e ,  an e n t h a lp y  form o f  th e  
e q u a t i o n  was u s e d .
The c h e m ic a l  e q u i l i b r i u m  h e a t i n g  r a t e s  o b t a in e d  by E n g e l ,  Esch 
and th e  p r e s e n t  i n v e s t i g a t i o n  a r e  compared i n  T a b le  5 . 5 .  I t  m us t be  
n o t i c e d  t h a t  E n g e l  and Esch d id  n o t  i n c l u d e  t h e  h e a t  t r a n s f e r  to  th e  
body by d i f f u s i o n .
The s i g n i f i c a n t  d i f f e r e n c e  i n  c o n v e c t iv e  h e a t i n g  r a t e s ,  w i th  th e  
p r e s e n t  i n v e s t i g a t i o n  y i e l d i n g  an e s s e n t i a l l y  n e g l i g i b l e  h e a t i n g  r a t e  
by  c o n v e c t io n ,  r e s u l t s  b e c a u s e  t h e  p r e s e n t  i n v e s t i g a t i o n  p r e d i c t s  
s m a l l e r  t e m p e r a tu r e  g r a d i e n t s  n e a r  t h e  w a l l  th a n  th o s e  p r e d i c t e d  by 
E n g e l  and  E s c h .  I n  o t h e r  w o rd s ,  t h e  p r e s e n t  i n v e s t i g a t i o n  p r e d i c t s  
a h i g h e r  c o n v e c t iv e  h e a t i n g  b lo c k a g e  e f f e c t  r e s u l t i n g  from i n j e c t i o n  
o f  a b l a t i o n  p r o d u c t s  i n t o  th e  f lo w  f i e l d .
COMPARISON .OF PREDICTED NON-EQUILIBRIUM AND EQUILIBRIUM HEATING RATES 
From th e  r e s u l t s  shown i n  T a b le s  5 .4  and 5 .5  i t  i s  e v i d e n t  t h a t  
t h e  p r e d i c t e d  e q u i l i b r i u m  h e a t i n g  r a t e  i s  a p p r o x im a te ly  t h r e e  t im es  
a s  l a r g e  a s  th e  n o n - e q u i l i b r iu m  h e a t i n g  r a t e ,  and  f o r  b o th  c a s e s  m ost 
o f  th e  body h e a t i n g  i s  t h e  r e s u l t  o f  r a d i a t i o n .
The lo w e r  r a d i a t i v e  h e a t i n g  r a t e  p r e d i c t e d  by t h e  n o n - e q u i l i b r iu m  
c o m p u ta t io n  may be e x p l a in e d  by exam in ing  th e  changes  i n  c h e m ic a l  com­
p o s i t i o n  w h ich  o c c u r  i n  t h e  sh o ck  l a y e r .  When th e  c h e m ic a l  c o m p o s i t io n s  
p r e d i c t e d  by th e  e q u i l i b r i u m  and t h e  n o n - e q u i l i b r iu m  c a l c u l a t i o n s  a r e
TABLE 5 .5  EQUILIBRIUM HEATING RATES OBTAINED BY 
DIFFERENT INVESTIGATORS
INVESTIGATOR
< < R
E n g e l  (R e f .  5 .1 ) 50 & 350 400
Esch ( R e f . 5 .2 ) 120 I 397 517
P r e s e n t
I n v e s t i g a t i o n 3 1 388 392
D id  n o t  c o n s id e r
h e a t  t r a n s f e r  by d i f f u s i o n
2
if w a t t s / c m
mcom pared , i t  becomes e v i d e n t  t h a t  th e y  a r e  m ark ed ly  d i f f e r e n t  and t h a t  
f i n i t e - r a t e  c h e m is t r y  e f f e c t s  a r e  p r e s e n t  th r o u g h o u t  th e  f l o w - f i e l d  
(The co m p le te  s e t  of d im e n s io n le s s  t e m p e r a t u r e ,  e n t h a l p y ,  d e n s i t y ,  
v e l o c i t y  and mass f r a c t i o n  p r o f i l e s  f o r  t h e  two n o n - e q u i l i b r i u m  and 
th e  e q u i l i b r i u m  ru n s  a r e  p r e s e n t e d  i n  A ppendix  C. Those p r o f i l e s  
needed  i n  t h e  f o l l o w in g  d i s c u s s i o n  w i l l  be  r e p ro d u c e d  i n  t h i s  c h a p t e r . )
An e x a m in a t io n  o f  t h e  c h e m ic a l  c o m p o s i t io n  o f  e q u i l i b r i u m  a b l a t i o n  
p r o d u c t s  shows t h a t  a s  th e y  l e a v e  th e  c h a r  s u r f a c e  and a r e  s u b j e c t e d  to  
r a p i d l y  i n c r e a s i n g  t e m p e r a t u r e s ,  t h e  d e c o m p o s i t io n  p r o c e s s  begun i n  th e  
c h a r  c o n t in u e s  a s  th e  " l a r g e "  m o l e c u le s ,  C^H, C2H, C^H, HCN, and
a r e  b ro k e n  down ( f o r  exam ple s e e  F i g .  5 .1 )  i n t o  s im p l e r  s p e c i e s  such  
as  C^, C^, CO, CN, N£, C and H ( s e e  F i g .  5 . 2 ) .  As t h e  a b l a t i o n  p r o d u c t s  
f lo w  tow ards  th e  s t a g n a t i o n  p o i n t ,  t h i s  p r o c e s s  c o n t in u e s  as  C^, C2 ,
CO, CN, and ^  a r e  c o n v e r te d  to  C, C+ , N, and 0 ( s e e  F i g s .  5 .2  and 5 . 3 ) .
N ear t h e  s t a g n a t i o n  p o i n t ,  m ost o f  th e  c a rb o n  i s  io n i z e d  t o  C+ 
a n d ,  due t o  d i f f u s i o n  o f  a b l a t i o n  p r o d u c t s  p a s t  t h e  s t a g n a t i o n  p o i n t ,  
t h e  c o n c e n t r a t i o n  o f  C p e r s i s t s  f o r  some d i s t a n c e  p a s t  th e  s t a g n a t i o n  
p o i n t  b e f o r e  d e c r e a s i n g  t o  z e r o  ( s e e  F i g s .  5 .3  and 5 . 4 ) .
I n  th e  r e g i o n  from  th e  c h a r  s u r f a c e  t o  t h e  s t a g n a t i o n  p o i n t  th e  
n o n - e q u i l i b r i u m  r e s u l t s  p r e d i c t  t h a t  th e  a b l a t i o n  p r o d u c t s  w i l l  decom­
p o s e  a t  a  much s lo w e r  r a t e ,  when compared to  th e  r a t e  p r e d i c t e d  by th e  
e q u i l i b r i u m  r e s u l t s .  The " l a r g e "  m o le c u le s  (C^ H, C2 H, C^ H, HCN,
C2H2 , and H2 ) and o t h e r s  (C^, CO, CN, and N2) b e g in  to  b r e a k  down i n t o  
4* 4* 4*C, C , C2 , N, N , 0 , and H ( s e e  F i g s .  5 . 1 ,  -  5 , 3 ) .  But th e  a b l a t i o n
p r o d u c t s  r e a c h  th e  s t a g n a t i o n  p o i n t  b e f o r e  t h i s  p r o c e s s  i s  co m p le te d
+and th e  r e s u l t s  a r e  much lo w er  c o n c e n t r a t i o n s  o f  C, C , N, 0 ,  and H i n
\
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t h i s  r e g io n  ( s e e  F i g .  5 . 4 ) .
I n  th e  sh o c k  l a y e r  r e g io n  o f  t h e  f l o w - f i e l d ,  e q u i l i b r i u m  r e s u l t s
p r e d i c t  t h a t  a s  t h e  a i r  components a r e  c o o le d  down a  p r o c e s s  o f  r a p i d
■|* +
d e - i o n i z a t i o n  o c c u r s  w i th  most o f  t h e  N and 0 b e in g  c o n v e r t e d  t o  N 
and 0 ( s e e  F i g s .  5 . 5  and 5 . 6 ) .  On th e  o t h e r  h a n d ,  n o n - e q u i l i b r iu m  
r e s u l t s  p r e d i c t  t h a t  th e  a i r  com ponents  w i l l  f lo w  from th e  sh o c k  to  th e  
s t a g n a t i o n  p o i n t  w i t h o u t  u n d e rg o in g  any changes  u n t i l  v e ry  c l o s e  to  th e  
s t a g n a t i o n  p o i n t  w h e re  t h e i r  c o n c e n t r a t i o n s  b e g in  , to  d e c r e a s e  and f a l l  
r a p i d l y  p a s t  th e  s t a g n a t i o n  p o i n t .  As a r e s u l t  o f  t h e s e  " f r o z e n "  con­
c e n t r a t i o n s ,  th e  r e g i o n  be tw een  t h e  sh o c k  and t h e  s t a g n a t i o n  p o i n t  h a s  
much low er c o n c e n t r a t i o n s  of N and 0 (and  much h i g h e r  c o n c e n t r a t i o n s '  
o f  N+  and 0+) th a n  t h o s e  p r e d i c t e d  by  th e  e q u i l i b r i u m  a n a l y s i s  ( s e e  
F i g s .  5 .5  and 5 . 6 ) .
T h e r e f o r e ,  t h e  n o n - e q u i l i b r iu m  a n a l y s i s  p r e d i c t s  much lo w e r  co n c e n -  
t r a t i o n s  o f  C, CN, C , N^, N, 0 ,  and H and much h i g h e r  c o n c n e t r a t i o n s  
o f  C2 , CO, C3H, C2H, C^H, HCN, C ^ ,  N+ , 0+ , H2 , and e ” th a n  th e  e q u i l i ­
b r iu m  a n a l y s i s .  S in c e  C, N, 0 ,  and H l i n e  and con tinuum  m echanism s a r e  
t h e  m a jo r  c o n t r i b u t o r s  t o  r a d i a t i v e  e n e rg y  t r a n s p o r t  i n  t h e  s h o c k  l a y e r  
(R e f .  5 . 4 ) ,  u n d e r  n o n - e q u i l i b r i u m  c h e m is t r y  c o n d i t i o n s  t h e  r e s u l t i n g
i
r a d i a t i v e  h e a t  t r a n s f e r  to  th e  body i s  s i g n i f i c a n t l y  low er th a n  th e  .one 
p r e d i c t e d  by c h e m ic a l  e q u i l i b r i u m  a n a l y s e s .
DIFFICULTIES ASSOCIATED WITH THE SOLUTION
T h is  r e s e a r c h  d e m o n s t r a te s  t h a t  th e  sp eed  o f  o b t a i n i n g  a  s o l u t i o n ,  
i f  one can  be  o b t a i n e d ,  depends on a  l a r g e  number o f  f a c t o r s  i n c l u d i n g :  
t h e  f o r m u l a t i o n  o f  t h e  m ode l,  how r e a l i s t i c  t h e  v a l u e s  u sed  f o r  p r o p e r t i e s  
a r e ,  th e  n u m e r i c a l  t e c h n iq u e s  u s e d ,  and how such  te c h n iq u e s  a r e  im p le ­
m e n ted .
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The a t t e m p t s  a t  u s in g  th e  en e rg y  e q u a t i o n  i n  te rm s  o f  t e m p e r a tu r e  
f a i l e d  b e c a u s e  th e  t e m p e r a t u r e  p r o f i l e  i s  v e ry  s e n s i t i v e  t o  t h e  v a l u e s  
o f  th e  o t h e r  d e p e n d e n t  v a r i a b l e s  and th e  e n e rg y  e q u a t io n  i n  t h i s  form 
i s  a p p a r e n t l y  more s t r o n g l y  co u p led  t o  t h e  s p e c i e s  e q u a t i o n s .  The 
e n t h a lp y  f o r m u l a t i o n ,  on t h e  o t h e r  h a n d ,  p e r m i t s  u n c o u p l in g  o f  th e  
e q u a t io n s  and makes i t  p a s s i b l e  t o  o b t a i n  a  co n v e rg e d  s o l u t i o n .
H owever, a l th o u g h  a  s o l u t i o n  was d e te rm in e d  u s in g  th e  e n e rg y  
e q u a t io n  i n  te rm s  o f  e n t h a l p y ,  o b t a i n i n g  s u c h  a  s o l u t i o n  was e x t r e m e ly  
d i f f i c u l t .  Much of t h i s  d i f f i c u l t y  a r o s e  b e c a u s e  o f  t h e  u se  o f  u n r e a l -  
i s t i c a l l y  h ig h  r e a c t i o n  r a t e s .  The n o n - e q u i l i b r i u m  s o l u t i o n  u s in g  th e  
o r i g i n a l  c h e m ic a l  k i n e t i c s  model to o k  a b o u t  18 h o u r s  o f  t im e  i n  an  IBM 
360 /65  c o m p u te r .  The s o l u t i o n  u s in g  t h e  m o d i f i e d  k i n e t i c s  m ode l to o k  
a b o u t  45 m in u te s  i n  th e  same c o m p u te r .  T h is  means t h a t  t h e  u n r e a l i s t i c  
r a t e s  i n c r e a s e d  th e  d i f f i c u l t y  i n  o b t a i n i n g  a  s o l u t i o n .
As was d i s c u s s e d  i n  C h a p te r  4 ,  a  number o f  n u m e r i c a l  t e c h n iq u e s
have  b e e n  d e m o n s t r a te d  t o  b e  i n a p p r o p r i a t e  f o r  s o l v i n g  c h e m ic a l  k i n e t i c s
o
p ro b le m s .  However, even  t h o s e  t e c h n iq u e s  w h ich  may be v a l i d  w i l l  n o t  
work u n l e s s  th e y  a r e  im plem en ted  p r o p e r l y .  F o r  exam ple ,  t h e  scheme u sed  
t o  u n c o u p le  and  i t e r a t e  on  t h e  e q u a t i o n s  w i l l ,  i n  many c a s e s ,  make th e  
d i f f e r e n c e  b e tw e e n  s u c c e s s  and f a i l u r e .  A l s o ,  th e  w e ig h t in g  f a c t o r s  
u sed  to  o b t a i n  new g u e s s e s  from  th e  o l d  and new s o l u t i o n s  ( t h e  X 's  i n  
F i g s .  4 .1  -  4 .4 )  d e t e r m in e  i f  t h e  s o l u t i o n  w i l l  c o n v e rg e .  U n f o r t u n a t e l y ,  
t h e r e  i s  no s t r a i g h t f o r w a r d  p r o c e d u r e  f o r  d e t e r m in in g  how to  im p lem en t 
a t e c h n iq u e  p r o p e r l y ;  a  g r e a t  d e a l  o f  e x p e r i m e n t a t i o n  i s  r e q u i r e d  b e f o r e  
s u c c e s s  i s  a t t a i n e d .
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS
From th e  r e s u l t s  o b ta in e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  th e  f o l l o w ­
in g  c o n c l u s i o n s  can  be d e r i v e d :
1 . A f i n i t e - r a t e  s t a g n a t i o n - l i n e  sh o ck  l a y e r  s o l u t i o n  w hich 
c o n t a i n s  a r e a s o n a b l e  k i n e t i c s  model to  d e s c r i b e  a tm os­
p h e r i c  e n t r i e s  p r o t e c t e d  by p h e n o l i c - n y lo n  a b l a t o r s  was 
d e v e lo p e d .
The m odel was used  to  d e te rm in e  t h e 1n o n - e q u i l i b r i u m  shock  l a y e r  
s t r u c t u r e  and body h e a t i n g  r a t e s  u n d e r  f l i g h t  c o n d i t i o n s  t y p i c a l  o f  r e ­
t u r n  from p l a n e t a r y  m i s s i o n s .  A l th o u g h  o n ly  one s e t  o f  c o n d i t i o n s  was 
c o n s i d e r e d ,  i t  i s  b e l i e v e d  t h a t  t h e  method o f  s o l u t i o n  i s  a d e q u a te  f o r  a 
r a n g e  o f  c o n d i t i o n s  s i m i l a r  to  t h e  o n es  c o n s id e r e d .
2 .  F i n i t e - r a t e  c h e m is t r y  e f f e c t s  a r e  s i g n i f i c a n t  f o r  th e  
f l i g h t  c o n d i t i o n s  c o n s i d e r e d .
The r e s u l t s  o b t a in e d  show t h a t  a s  th e  a b l a t i o n  p r o d u c t s  e n t e r  t h e  
sh o c k  l a y e r  th e y  r e a c t  much s lo w e r  th a n  under  e q u i l i b r i u m  c o n d i t i o n s .
The a i r  com ponents  e n t e r i n g  th ro u g h  t h e  shock  a r e  n o t  d e - i o n i z e d ,  a s  th e  
e q u i l i b r i u m  a n a l y s i s  p r e d i c t s ,  b u t  re m a in  " f r o z e n "  th ro u g h o u t  most o f  
t h e  sh o ck  r e g i o n .  The v a l i d i t y  o f  t h e s e  r e s u l t s  a r e , o f  c o u r s e ,  d ep en ­
d e n t  upon t h e  a c c u ra c y  o f  t h e  c h e m ic a l  k i n e t i c s  model u s e d .  The d e g r e e  
o f  c o n f id e n c e  i n  th e  r e s u l t s  i s  h ig h  b e c a u s e :  t h e  k i n e t i c s  model u s e d  i s
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t h e  m ost co m p le te  t h a t  h as  been  used  I n  t h i s  ty p e  o f  a p p l i c a t i o n ,  t h e  r e ­
a c t i o n  r a t e s  u s e d  w ere  th e  b e s t  r a t e s  a v a i l a b l e ,  and f o r  b o th  s e t s  o f  r e ­
a c t i o n  r a t e s  ( t h e  o r i g i n a l  and th e  m o d i f ie d )  t h e  same f i n i t e - r a t e  chem­
i s t r y  e f f e c t s  w ere  p r e s e n t .
3 . F o r  th e  f l i g h t  c o n d i t i o n s  s t u d i e d  th e  t o t a l  h e a t i n g  r a t e  
to  th e  body i s  s i g n i f i c a n t l y  lo w er  u n d e r  n o n - e q u i l i b r iu m  
th a n  u n d e r  e q u i l i b r i u m  c h e m is t r y  c o n d i to n s .
The p r e d i c t e d  n o n - e q u i l i b r iu m  h e a t i n g  r a t e  i s  a p p ro x im a te ly  one 
t h i r d  a s  l a r g e  a s  t h e  p r e d i c t e d  e q u i l i b r i u m  h e a t i n g  r a t e .  T h is  r e s u l t s  
from  th e  f a c t  t h a t  th e  n o n - e q u i l i b r i u m  r a d i a t i v e  h e a t i n g  r a t e  i s  a p p ro x ­
im a te l y  one t h i r d  a s  l a r g e  a s  t h e  e q u i l i b r i u m  r a d i a t i v e  h e a t i n g ,  and in  
b o th  i n s t a n c e s ,  m ost o f  th e  t o t a l  h e a t i n g  r e s u l t s  from  r a d i a t i o n .  The 
s i g n i f i c a n t l y  lo w e r  r a d i a t i v e  h e a t i n g  r a t e  i s  a  d i r e c t  r e s u l t  o f  f i n i t e  
r a t e  c h e m is t r y  e f f e c t s  w hich  r e s u l t  i n  much lo w er  c o n c e n t r a t i o n s  o f  C,
N, 0 ,  and H, t h e  s p e c i e s  r e s p o n s i b l e  f o r  m ost o f  t h e  l i n e  and con tinuum  
r a d i a t i v e  t r a n s f e r .
RECOMMENDATIONS
C o n s id e r in g  t h e  c o n c l u s i o n s  p r e s e n te d  a b o v e ,  i t  i s  recommended t h a t
1 .  The m a th e m a t ic a l  model f o r  t h e  s t a g n a t i o n - l i n e  a n a l y s i s  
o f  an e n t r y  v e h i c l e  p r e s e n t e d  h e r e i n  s h o u ld  be s t u d i e d  
f u r t h e r  to  d e te rm in e  i f  i t s  c o m p u ta t i o n a l  speed  can  be 
i n c r e a s e d .
The p r e s e n t  v e r s i o n  o f  SLAC s h o u ld  be d e v e lo p e d  from  t h e  r e s e a r c h  
t o o l  i t  i s  to d a y  u n t i l  i t  becomes an e f f e c t i v e  e n g i n e e r i n g  t o o l .  The 
p r i n c i p a l  o b s t a c l e  t h a t  n e e d s  to  be  overcom e i s  t h e  amount o f  com puter  
t im e  r e q u i r e d  t o  o b t a i n  a s o l u t i o n .  The c o m p u ta t io n a l  sp eed  i s  a  f u n c ­
t i o n  o f :  t h e  model f o r m u l a t i o n ,  how r e a l i s t i c  t h e  p r o p e r t i e s  u sed  a r e ,
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t h e  schemes f o r  u n c o u p l in g  and i t e r a t i n g  on t h e  e q u a t i o n s ,  and th e  numer­
i c a l  t e c h n iq u e s  u s e d .  Much im provem ent i n  c o m p u ta t io n a l  sp eed  was ob­
t a i n e d  by c o n s id e r i n g  d i f f e r e n t  v a r i a t i o n s  on a l l  t h e s e  f a c t o r s .  I t  i s  
b e l i e v e d  t h a t  t h e  c o m p u ta t io n a l  sp eed  o f  t h e  p r e s e n t  s o l u t i o n  c o u ld  be 
in c r e a s e d  by a t  l e a s t  a  f a c t o r  o f  2 by f u r t h e r  c o n s i d e r a t i o n  o f  uncoup­
l i n g  and i t e r a t i n g  schem es.
2 .  S tu d ie s  o f  f i n i t e - r a t e  c h e m is t r y  e f f e c t s  be  c a r r i e d  o u t  
u n d e r  f l i g h t  c o n d i t i o n s  d i f f e r e n t  from th o s e  c o n s id e r e d  
i n  t h e  p r e s e n t  work.
The o b j e c t i v e s  o f  t h e  p ro p o sed  s t u d i e s  s h o u ld  be  t o  d e t e r m in e :  a) t h e  
ra n g e  o f  f l i g h t  c o n d i t i o n s  o v e r  w hich s o l u t i o n s  may b e  o b ta in e d  u s in g  t h e  
im plem en ted  m ode l;  and b) t h e  r a n g e  o f  c o n d i t i o n s  o v e r  w hich  f i n i t e -  
r a t e  c h e m is t r y  e f f e c t s  a r e  s i g n i f i c a n t  and how th e y  a f f e c t  t h e  h e a t i n g  
r a t e s  to  t h e  body.
3 .  R e s e a rc h  b e  c a r r i e d  o u t  on t h e  e f f e c t  o f  a ssum ing  more 
r e  l i s t i c  sh o ck  and w a l l  boundary  c o n d i t i o n s .
T h is  i n v e s t i g a t i o n  s h o u ld  c o n s i d e r  u s in g  n o n - e q u i l i b r i u m  com posi­
t i o n s  o f  a i r  a t  t h e  sh o c k  a s  boundary  c o n d i t i o n s  and u s in g  boun d ary  con­
d i t i o n s  o f  t h e  t h i r d  k in d  a t  t h e  w a l l .  The u s e  o f  n o n - e q u i l i b r i u m  com­
p o s i t i o n s  o f  a i r  w i l l  r e s u l t  i n  i n c r e a s e d  c o n c e n t r a t i o n s  o f  N and 0 and 
l e s s  and 0+ when compared to  t h e  e q u i l i b r i u m  b o u ndary  c o n d i t i o n s .
T h i s  m ig h t r e s u l t  i n  i n c r e a s e d  r a d i a t i v e  h e a t i n g  r a t e s  s i n c e  N and 0 a r e  
o p t i c a l l y  more a c t i v e  th a n  N+ and 0+ . By p e r t u r b i n g  th e  sh o c k  boun d ary  
c o n d i t i o n s  u se d  i n  SLAC an e s t i m a t e  o f  th e  im p o r ta n c e  o f  t h i s  e f f e c t  
c o u ld  be d e v e lo p e d .  In  t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  mass and e n e rg y  
b o u n d a ry  c o n d i t i o n s  u sed  a t  t h e  w a l l  w ere  o f  t h e  f i r s t  k i n d ,  how ever 
t h e  mass and en e rg y  s u r f a c e  b a l a n c e s  y i e l d  c o n d i t i o n s  o f  t h e  t h i r d  k in d .
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A s tu d y  s h o u ld  be c a r r i e d  o u t  to  d e t e r m in e  i f  u s in g  t h e  more c o m p le te  
c o n d i t i o n s  h as  any s i g n i f i c a n t  e f f e c t  on th e  h e a t i n g  r a t e .
4 .  Coupled s o l u t i o n s  f o r  b o th  n o n - e q u i l i b r i u m  a b l a t i o n  p r o ­
d u c t s  and sh o c k  l a y e r s  s h o u ld  be d e t e r m in e d .
A c o m p le te  s o l u t i o n  to  t h e  q u a s i - s t e a d y  e n t r y  p ro b lem  r e q u i r e s  t h a t  
th e  a b l a t o r  r e s p o n s e  be c o u p le d  to  t h e  e x i s t i n g  f l i g h t  c o n d i t i o n s  th ro u g h  
th e  sh o c k  l a y e r .  T h is  c a n  b e  a c c o m p lish e d  by p e r fo rm in g  m u l t i p l e  c a l c u l a ­
t i o n s  o f  a b l a t i o n  and sh o ck  l a y e r  b e h a v io u r  and m a tc h in g  c o n d i t i o n s  a t  t h e  
i n t e r f a c e  be tw een  t h e  a b l a t o r  s u r f a c e  and  th e  f lo w  f i e l d .  At p r e s e n t ,  
a b l a t o r - s h o c k  l a y e r  r e s p o n s e  u n d e r  c h e m ic a l  e q u i l i b r i u m  c o n d i t i o n s  h a s  
b e e n  s t u d i e d ,  how ever ,  a d d i t i o n a l  s t u d i e s  sh o u ld  b e  c a r r i e d  o u t  c o u p l in g  
th e  f i n i t e - r a t e  s o l u t i o n s  d e te rm in e d  from  SLAC to  t h o s e  o b ta in e d  from  a  
n o n - e q u i l i b r i u m  a b l a t o r - r e s p o n s e  m odel.
APPENDIX A
USER'S MANUAL FOR SLAC
INTRODUCTION
T h is  a p p e n d ix  w i l l  s e r v e  a s  a  u s e r ' s  m anual f o r  th e  SLAC ( S t a g n a t io n  
L in e  A n a ly s i s  w i th  C h em is try )  p ro g ra m . The p rogram  im p lem en ts  a  model 
d e s ig n e d  to  p r e d i c t  th e  s t a g n a t i o n  l i n e  v i s c o u s ,  r e a c t i v e ,  and r a d i a t i v e  
c o u p le d  shock  l a y e r  s t r u c t u r e ,  and t h e  r e s u l t i n g  h e a t i n g  r a t e s  p roduced  
by  a  b l u n t  body d u r in g  super o r b i t a l  e n t r y  i n t o  p l a n e t a r y  a tm o s p h e re s .
The p rob lem  was f o r m u la te d  i n  C h a p te r  1, and th e  e q u a t io n s  d e s c r i b i n g  th e  
f l o w - f i e l d  ( t h e  s t a g n a t i o n  l i n e  b o u n d a ry  l a y e r  e q u a t i o n s  (See  T a b le  2 . 7 ) ,  
and th e  w a l l  and s h a c k  boundary  c o n d i t i o n s  (See  T a b le  2 , 8 ) ,  w ere  d e r iv e d  
i n  C h a p te r  2 .  The therm odynam ic , t r a n s p o r t ,  r a d i a t i v e ,  and c h e m ic a l  k i n ­
e t i c  p r o p e r t i e s  a r e  d e s c r ib e d  i n  C h a p te r  3 .  The program  c a n  a l s o  be  u sed  
to  com pute f lo w s  i n  c h e m ic a l  e q u i l i b r i u m ,  and f o r  t h i s  p u rp o s e  i t  u t i l i z e s  
a  f r e e  ene rgy  m i n im i z a t i o n  r o u t i n e  d e v e lo p e d  by Del V a l l e  and P ik e  (R ef .  
A . l ) ,  The n u m e r i c a l  p r o d u r e s  u se d  to  s o lv e  t h e  model a r e  d e s c r i b e d  in  
C h a p te r  4 ,
The SLAC prog ram  r e s u l t s  from  e x t e n s i o n s  p e rfo rm e d  on a  program  
(VISRAD) p r i m a r i l y  d e v e lo p ed  by E nge l  (R e f .  A .2 ) ,  and i n  a  p rogram  (SLAB) 
d e v e lo p e d  by Esch (R e f .  A ,3) from  VISRAD, T hese  p rogram s r e s u l t  from th e  
e f f o r t s  o f  many i n d i v i d u a l s  o v e r  a  c o n s i d e r a b l e  p e r io d  o f  t im e .  SLAC was 
d e s ig n e d  to  b e  u se d  f o r  th e rm a l  e n v i ro n m e n t  p r e d i c t i o n  s t u d i e s .  I t
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r e p r e s e n t s  a  s i g n i f i c a n t  t o o l  f o r  s tu d y in g  a v a r i e t y  o f  a tm o s p h e r ic  en­
t r y  h e a t i n g  p ro b le m s .  The p rog ram , w r i t t e n  i n  FORTRAN IV, i s  c a p a b le  
o f  p e r fo rm in g  t h e  f o l l o w i n g  ty p e s  o f  a n a l y s e s :
S t a g n a t io n  l i n e  s o l u t i o n s
Coupled d i f f u s i v e ,  c o n v e c t i v e  and r a d i a t i v e  f l u x  c a l c u l a t i o n s  
E m is s io n ,  and l i n e  an d  c o n t in u u m  r a d i a t i o n  c a l c u l a t i o n s  
B in a ry  d i f f u s i o n  c a l c u l a t i o n s
F i n i t e - r a t e  o r  e q u i l i b r i u m  c h e m is t r y  c a l c u l a t i o n s  
PROGRAM PROCEDURES
The SLAC com p u te r  p rogram  was d e v e lo p ed  f o l l o w in g  a  p h i lo s o p h y  o f  
m in im iz in g  u s e r ’ s e f f o r t  and m ax im iz ing  p rog ram  f l e x i b i l i t y  and a d a p t a ­
b i l i t y .  A c c o r d in g ly ,  t h e  b a s i c  p rog ram  l o g i c  a s  shown i n  F ig u r e  A . l  i s  
q u i t e  s im p le .  However t h e s e  b a s i c  subprogram s a r e  s u p p o r te d  by  22 sub­
r o u t i n e s  and 7 f u n c t i o n  su b p ro g ram s .  Each o f  t h e s e  m odules  p e rfo rm s  
c o m p u ta t io n a l  f u n c t i o n s  w hich  a r e  o f  a  b a s i c  n a t u r e  ( e . i . ,  c o m p u ta t io n  
o f  therm odynam ic p r o p e r t i e s ) ,  and a l lo w s  f o r  m o d i f i c a t i o n ,  s u b s t i t u t i o n ,  
a d d i t i o n  o r  d e l e t i o n  o f  e x i s t i n g  m odules  w i th  minimum e f f o r t .
I n  o r d e r  to  m in im iz e  i n p u t  r e q u i r e m e n t s ,  t h r e e  t e c h n iq u e s  w ere  u s e d .  
The f i r s t  c o n s i s t s  o f  i n t e r n a l  i n i t i a l i z a t i o n  o f  v a l u e s  f o r  t e m p e r a tu r e ,  
d e n s i t y  v i s c o s i t y  and s t a n d - o f f  d i s t a n c e  w hich  a r e  n e c e s s a r y  t o  s t a r t  t h e  
s o l u t i o n  p r o c e d u r e .  I f  b e t t e r  g u e s s e s  a r e  a v a i l a b l e  th e y  may b e  i n p u t  a s  
d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  The second  te c h n iq u e  I n v o lv e s  i n t e r n a l  
s p e c i f i c a t i o n  i n  BLOCK DATA o f  p r o b le m - d e f in i n g  p a r a m e te r s  such  as  th e  
e l e m e n t a l  c o m p o s i t io n  a t  th e  s u r f a c e  and  therm odynam ic c u r v e - f i t  c o n s t a n t s  
w hich  a r e  ch an g e d  q u i t e  i n f r e q u e n t l y .  The t h i r d  t e c h n iq u e  c o n s i s t s  o f  
i n t e r n a l l y  s e l e c t i n g  p rog ram  o p t i o n s  i f  an  o p t i o n  v a r i a b l e  i s  l e f t  b l a n k  
on a n  i n p u t  c a r d .  I n  t h i s  p r o c e d u r e  t h e  m ost commonly u sed  o p t i o n s  a r e  
p e rfo rm e d  when a  b l a n k  i s  i n p u t .
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(INPUT)* 
Read A l l  In p u t
io n Yes
(MOMTM)
S o lv e  E q u a t io n s  
o f  Momentum and 
G lo b a l  C o n t i n u i t y
(IN IT) 
Compute N e c e s s a ry  
I n i t i a l  Q u a n t i t i e s
3-----------------
(COUPLE)
S o lv e  E q u a t io n s  
o f  E nergy  and 
S p e c ie s  C o n t i n u i ty
(OUTPUT)
P r i n t  I n t e r m e d i a t e  
R e s u l t s
f  (PONCH)
[Punch I n t e r m e d i a t e  
U&SUllS.
o n v erg ed
S o lu t i o n ?
(OUTPUT) 
P r i n t  Resul
* Names in  p a r e n t h e s i s  
r e f e r  t o  program 
s u b r o u t i n e s
FIGURE A . 1 PROGRAM FLOWCHART
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The s t a r t  up o f  t h e  SLAC p rogram  c a n  be  a c h ie v e d  i n  a number o f  
w ay s .  As s t a t e d  p r e v i o u s l y ,  i n t e r n a l  g u e s s e s  a r e  a v a i l a b l e  to b e g i n  t h e  
i t e r a t i o n  p r o c e d u r e .  Two ty p e s  o f  t e m p e r a t u r e  p r o f i l e s  a r e  a v a i l a b l e .
One f o r  no mass i n j e c t i o n  and th e  o t h e r  f o r  mass i n j e c t i o n .  T hese  p r o ­
f i l e s  a r e  u s u a l l y  q u i t e  s a t i s f a c t o r y  a s  i n i t i a l  g u e s s e s  i f  an  e m is s io n  
r a d i a t i o n  co u p led  p ro b lem  i s  to  b e  r u n .  However, i f  a  l i n e  and co n t in u u m  
r a d i a t i o n  co u p led  p ro b lem  w hich i n c l u d e s  mass i n j e c t i o n ,  and f i n i t e - r a t e  
c h e m is t r y  i s  to  be r u n  t h e  i n t e r n a l  g u ess  may n o t  b e  a c c u r a t e  enough . 
C o n s e q u e n t ly ,  i t  m ig h t  b e  n e c e s s a r y  to  i n p u t  a  b e t t e r  t e m p e r a tu r e  p r o ­
f i l e  g u e s s .
INPUT GUIDE
A l l  i n p u t s  to  t h e  SLAC com pute r  p rogram  a r e  r e a d  from  c a r d s  s u p p l i e d  
b y  t h e  u s e r ;  no t a p e s  a r e  r e q u i r e d .  The b a s i c  i n p u t s  c o n s i s t  o f  p a r a m e te r s  
d e f i n i n g  f l i g h t  c o n d i t i o n s  ( f r e e - s t r e a m  v e l o c i t y  and d e n s i t y ) ,  b l u n t  body 
r a d i u s ,  w a l l  t e m p e r a tu r e  and  mass i n j e c t i o n  r a t e .  A d d i t i o n a l  i n p u t  p a r a ­
m e te r s  a r e  r e q u i r e d  t o  d e te r m in e  w hich  p rogram  o p t i o n s  a r e  d e s i r e d ,  and 
t o  p r o v id e  th e  n e c e s s a r y  g u e s s e s  o f  d e p e n d e n t  v a r i a b l e s .  A f t e r  e a c h  o v e r ­
a l l  i t e r a t i o n ,  t h e  p rogram  o u t p u t s  a  d eck  o f  c a r d s  c o n t a i n i n g  t h e  v a l u e s  
o f  t h e  d e p e n d e n t  v a r i a b l e s  and o t h e r  p e r t i n e n t  p a r a m e te r s  i n  such  a  manher 
t h a t  a  g iv e n  c a s e  ru n  may b e  i n t e r r u p t e d  and c o n t in u e d  a t  a  l a t e r  t im e  by 
u s i n g  t h e  p roduced  d eck  o f  punched c a r d s  t o  r e s t a r t  t h e  r u n .  M u l t i p l e  
c a s e  r u n s ,  and h en ce  e n t i r e  t r a j e c t o r i e s ,  can  be  p r o c e s s e d  by p l a c i n g  
t h e  i n p u t  d a t a  f o r  e a c h  new c a s e  b e h in d  t h e  d a t a  f o r  t h e  p r e v io u s  o n e .
T a b le  A . l  p r e s e n t s  th e  c a r d  i n p u t  f o r m a t s  f o r  SLAC and T ab le  A . 2 
p r o v i d e s  a  c o r r e s p o n d in g  d e f i n i t i o n  o f  v a r i a b l e s .
I n  s i n g l e  c a s e  r u n s  Card 10 m ust b e  fo l lo w e d  by a  c a rd  w i th  t h e  
c h a r a c t e r s  END punched i n  co lum ns 1 ,  2 and 3 t o  i n d i c a t e  th e  r u n  h as  
e n d e d .  I n  m u l t i p l e  c a s e  ru n s  t h e  END c a rd  s h o u ld  b e  p la c e d  a f t e r  Card
12
3
4
5
6A
6B
7
8
9
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TABLE A . l  CARD INPUT FOR SLAC 
V a r i a b l e s
TITLE, IEM
KEEP, NETA, IRAD, ITYPE, MAXM, MAXE 
MAXD, LT, IP H I,  FPRCT, TPRCT, IDEBUG
UNIF, RINF, R, TWK, HT0TAL, RVW
DELTA, DTIL, RZB, RE, PDTIL
T ( I )
RH0(I)
EM ( I )
DEPS
ETA(I)
NDEBUG, TOL, IAB 
CWALL(J)
F o rm at 
18A4, 18
915 , 2 E 1 2 .0 ,  2X, 
I I
6E12.0
5E12.0
6E12.0
6E12.0
6E12.0
E12.0
6E12.0
15 , 5X E 1 0 .4 ,  15 
5E15.8
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TABLE A.2 VARIABLE DEFINITIONS FOR SLAC
V a r i a b l e  
TITLE 
I  EM
KEEP
NETA
IRAD
ITYPE
MAXM
MAXE
D e s c r i p t i o n
T i t l e  f o r  i d e n t i f i c a t i o n  o f  th e  p ro b lem
Number o f  o v e r a l l  i t e r a t i o n s  p e r fo rm e d .
IEM = 0 f o r  c a s e  r u n  i n i t i a t i o n ,  IEM>0 f o r  
r e s t a r t s
I n d i c a t o r  t o  d e te rm in e  i f  t h e  t e m p e r a tu r e  
p r o f i l e  from  th e  p r e v io u s  c a se  i s  t o  b e  k e p t  
as  a  g u e s s  f o r  t h e  c u r r e n t  c a s e .
KEEP = 0 T e m p e ra tu re  n o t  k e p t
KEEP = 1 T e m p e ra tu re  k ep t
The number o f  p o i n t s  t o  be  u sed  i n  th e  shock
l a y e r  p r o f i l e .  I f  NETA ~ 0 ,  a  s e t  o f  51
e q u a l l y  sp a c e d  p o i n t s  w i l l  be  u s e d .  I f  
NETA>0 c a rd  8 m ust b e  r e a d .
A v a r i a b l e  used  t o  s p e c i f y  th e  ty p e  o f  s o l u ­
t i o n .
IRAD = 1 C o n v e c t iv e  s o l u t i o n  o n ly
= 2 U ncoupled r a d i a t i o n
= 3 Coupled r a d i a t i o n  s o l u t i o n
A v a r i a b l e  u sed  t o  s p e c i f y  th e  ty p e  o f  r a d ­
i a t i o n  m odel t o  b e  u s e d .
ITYPE = 0 L in e  and con tinuum  r a d i a t i o n  
m odel
= 1 E m iss io n  r a d i a t i o n  model
Maximum number o f  i t e r a t i o n s  a l lo w e d  i n  th e  
i n t e r n a l  momentum lo o p .  I f  MAXM = 0 ,  i t  i s  
i n t e r n a l l y  s e t  = 15 .
Maximum number o f  i t e r a t i o n s  a l lo w e d  i n  th e  
e n e r g y - s p e c i e s  c o n t i n u i t y  e q u a t io n  and  i n  
t h e  o v e r a l l  m o m en tu m -en erg y -sp ec ies  l o o p .
I f  MAXE -  0 ,  i t  i s  i n t e r n a l l y  s e t  = 1 5 .
MAXD Maximum number o f  i t e r a t i o n s  a l lo w e d  i n  th e  
e x t e r n a l  momentum lo o p .  I f  MAXD = 0 ,  i t  i s  
i n t e r n a l l y  s e t  = 15 .
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Variable Description
LT
IPHI
FPRCT
TPRCT
IDEBUG
UNIF
RINF
R
TWK
HTOTAL
RVW
DELTA
In d ic a to r  to determ ine i f  a temperature 
guess and i f  p and p v - g u esses  are to  be 
read i n .
LT = 0 C ards 5 and 6 a r e  n o t  r e a d .
= 1 Card 5 b u t  n o t  c a r d  6 i s  r e a d .
= 2 C ards  5 and 6 a r e  r e a d .
I n d i c a t o r  t o  d e t e r m in e  i f  t h e  sh o ck  c u rv a ­
t u r e  i s  t o  be i n p u t .
IPHT = 0 d e /d e  = 0 i s  i n t e r n a l l y  s e t .
= 1 C ard  7 i s  r e q u i r e d  f o r  i n p u t .
C onvergence  t o l e r a n c e  f o r  e a c h  p o i n t  t h e  f 1 
p r o f i l e .  I f  FPRCT = 0 .0  i t  i s  i n t e r n a l l y  
s e t  -  .0 0 5 .
C onvergence  t o l e r a n c e  f o r  e a c h  p o i n t  i n  th e  
T p r o f i l e .  I f  TPRCT = 0 . 0 ,  i t  i s  i n t e r n a l l y  
s e t  = .0 0 5 .
A s w i tc h  t o  a l lo w  i n t e r m e d i a t e  p r i n t o u t  t o  
b e  o b ta in e d  a t  e a c h  i t e r a t i o n
IDEBUG = 0 No p r i n t .
= 1 P r i n t  i s  g iv e n
The free-s trea m  f l i g h t  v e l o c i t y  (UM ) !■ 
f e e t / s e c .
3
The f r e e - s t r e a m  d e n s i t y  (p^) i n  s l u g s / f t  .
P r i n c i p a l  body r e d i u s  i n  f e e t .
Wall Temperature in  degrees K elv in .
2 2T o ta l  fr ee -s trea m  enthalpy in  f t  / s e c .  .
I f  HTOTAL = 0 . 0 ,  i t  i s  s e t  t o  U / 2 .  ( F r e e -  
s t r e a m  s t a t i c  e n t h a l p y  i s  assum ed n e g l i g i b l e )
Mass i n j e c t i o n  r a t e  ( p v ) ^ / ( p U ) ^ .
An i n i t i a l  g u e s s  f o r  th e  sh o c k  s t a n d o f f  d i s ­
t a n c e  6 /R .  I f  DELTA = 0 . 0 ,  a g u e s s  i s  
s u p p l i e d  by p ro g ra m .
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Card Variable
DTIL
RZB
RE
PDTIL
5 TCI) , 1  = 1 ,
NETA
6A R H 0 ( I ) ,1=1 ,
NETA
6B RM(I) , 1=1,
NETA
7 DEPS
8 E T A (I) ,  1=1,
NETA
9 NDE3UG
Description
A g u e s s  f o r  t h e  t r a n s f o r m e d  s t a n d o f f  d i s ­
t a n c e  6 /R . The p ro g ram  w i l l  a l s o  s u p p ly  
t h i s  v a lu e  i f  DTIL 0 .0
T he d e n s i t y  r a t i o  a c r o s s  the  s h o c k  p=peo/p^
I f  RZB i s  i n p u t  a s  0 . 0 ,  th e  code w i l l  d e t e r ­
m ine  a  v a lu e .
The Reynolds number f o r  th e  p ro b le m , Reg =
U R P ^ / h . .  T h is  q u a n i t y  i s  d e te rm in e d  by th e  ™ o o
p ro g ra m  i f  RE i s  i n p u t  as  0 . 0 .
C onvergence  t o l e r a n c e  p la c e d  on 6 f o r  t o t a l  
s o l u t i o n  c o n v e rg e n c e .  I f  PDTIL = 0 . 0 ,  i t  
i s  i n t e r n a l l y  s e t  = . 001 .
An i n i t i a l  g u e s s  f o r  th e  d i r a e n s io n le s s  shock  
l a y e r  t e m p e ra tu r e  p r o f i l e  ( T / T ^ ) . T h i s  c a r d
i s  r e q u i r e d  o n ly  i f  LT>0.
An i n i t i a l  g u e s s  f o r  th e  d im e n s io n le s s  sh o ck  
l a y e r  d e n s i t y  p r o f i l e  ( p /p ^ ) .  T h i s  c a rd  i s
r e q u i r e d  o n ly  i f  LT = 2 .
An i n i t i a l  g u ess  f o r  th e  d im e n s io n le s s  sh o ck  
l a y e r  pv p r o f i l e  (p v /p ^  v ^ ) . T h i s  c a rd  i s
r e q u i r e d  o n ly  i f  LT = 2 .
The s t a g n a t i o n  l i n e  shock  c u r v a t u r e  ( d e / d x ) . 
I f  IPHI = 0 ,  t h e n  d e /d x  = - . 0  i s  i n t e r n a l l y  
s e t .  I f  IPHI = 1 ,  Card 7 i s  r e a d  and d s /d s  
i s  s u p p l i e d  by t h e  u s e r .
The g r i d  shock  l a y e r  p o i n t s  a t  w h ich  th e  
s o l u t i o n  p r o f i l e s  a r e  to  be c o m p u te r .  I f  
NETA = 0 ,  An i s  s e t  to  0 .02  and ETA ( I )  i s  
com puted  by th e  p ro g ram . (ETA(1)=0.0+  w a l l ,  
ETA (NETA)=1.0-> s h o c k )  .
Debug option to  output thermodynamic curve-  
f i t  equations and interm ediate  r e s u l t s  from
NDEBUG = 0 No o u t p u t .
= 1 O u tp u t  g iv e n .
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Variable Description
TOL C onvergence  c r i t e r i a  f o r  CHEMEQ.
I f  TOL i s  i n p u t  a s  0 . 0 ,  t h e  code w i l l  s e t  
i t  t o  0 . 0 01 .
IAB A v a r i a b l e  u sed  to  s p e c i f y  t h e  ty p e  o f
c h e m is t ry  m odel t o  be  u s e d .
IAB =• 0 F i n i t e - r a t e  c h e m is t r y
IAB = 1 E q u i l i b r i u m  c h e m is t r y
CWALL(J), W all  m ass  f r a c t i o n s .
J=1,NSP NSP = 20
J  = l->02 6->lT 11-s-CO 16->-C3H
2-+N„ 7-+E-  12-+C„ 17-*C,H2 3 4
3-*0 8+C 13-s-CN 18-J-HCN
4-+N 9-*H 14->-C2Ii 19-5“C2
5->0+  10->1I2 15->-C2H2 20*C+
10 o f  t h e  l a s t  c a s e  t o  be  r u n .
Some c a u t i o n  s h o u ld  be e x e r c i s e d  when p r e p a r i n g  an  i n p u t  f o r  t h i s  
p rog ram . The p rogram  c o n s i d e r s  5 e l e m e n ts ,  i n c l u d i n g  e l e c t r o n s ,  and 
tw e n ty  s p e c i e s  l i s t e d  un d er  CWALL ( J ) . The s e t  o f  s p e c i e s  was s e l e c t e d  
f o r  an  a i r  a tm o sp h e re  and an  p h e n o l i c - n y lo n  a b l a t o r .  I f  a n o t h e r  ab ­
l a t o r  i s  s e l e c t e d  f o r  s tu d y  and t h i s  s e t  o f  s p e c i e s  i s  a p p r o p r i a t e ,  no 
a l t e r a t i o n  o f  th e  program  i s  r e q u i r e d .  A l l  t h a t  i s  r e q u i r e d  i s  a  c a rd  
i n p u t  o f  w a l l  mass f r a c t i o n s  o f  t h e  a b l a t o r  s e l e c t e d  on Card 10 . I f  
e x t e n s i v e  s tu d y  o f  a  d i f f e r e n t  a b l a t o r  u s in g  t h i s  p rogram  i s  a n t i c i p a t e d ,  
t h e  u s e r  may f i n d  i t  c o n v e n ie n t  to  change  t h e  w a l l  c o m p o s i t io n  s t a t e d  in  
BLOCK DATA un d er  CWALL r a t h e r  th a n  r e a d i n g  i n  t h e  d a t a  f o r  eac h  r u n .
I f  r e q u i r e d , a  chan g e  to  a n o t h e r  s e t  o f  s p e c i e s  can  be  made w i th  
c o m p a r a t i v e ly  l i t t l e  d i f f i c u l t y .  Thermodynamic and t r a n s p o r t  p r o p e r t i e s  
may be  a l t e r e d  by c h a n g in g  th e  c u rv e  -  f i t  c o n s t a n t s  i n  BLOCK DATA. The 
therm odynam ic c u rv e  -  f i t  e q u a t i o n s  w ere l i s t e d  in  T a b le  3 .1  and th e  
c o r r e s p o n d e n c e  be tw een  th e  c o e f f i c i e n t s  i n  t h e  t a b l e  and  t h o s e  i n  th e  
p rogram  i s
w here  th e  c o e f f i c i e n t s  a r e  d im en s io n ed  to  i n c l u d e  a  v a l u e  f o r  ea c h  s p e c i e s .
For
1000 < T < 6000 6000 <T°K
AI A-1 A l l
BI B II
cr C II
DI D l l
E l E l i
FI F I I
GI GII
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The s p e c i e s  o r d e r in g  i s  g iv e n  i n  t h e  SP a r r a y  w i th  c o r r e s p o n d in g  o r d e r ­
in g  i n  SMW ( i . e .  s p e c i e s  m o le c u la r  w e ig h t )  a r r a y  in  BLOCK DATA. The 
t r a n s p o r t  p r o p e r t i e s  c u r v e - f i t  e q u a t io n s  a r e  l i s t e d  i n  T a b le s  3 .3  ( v i s ­
c o s i t y )  and  3 .4  - ( th e rm a l  c o n d u c t i v i t y )  and t h e  c o r re s p o n d e n c e  b e tw e e n  
th e  c o e f f i c i e n t s  in  t h o s e  t a b l e s  and t h o s e  i n  th e  p rog ram  i s :
V i s c o s i t y :
T a b le  3 .3  SLAC
a = VI
b = V2
c = V3
Therm al C o n d u c t i r i t y
T a b le  3 .4  SLAC
a  = K1
b = K2
I f  new s p e c i e s  and r e a c t i o n s  a r e  to  be  in c lu d e d  i n  t h e  f i n i t e - r a t e  c a l ­
c u l a t i o n s ,  th e n  s u b r o u t i n e  FG2 m ust b e  m o d i f ie d  a c c o r d i n g l y .  F i n a l l y ,  a  
s tu d y  s h o u ld  b e  made to  d e t e r m in e  i f  r a d i a t i v e l y  im p o r ta n t  s p e c i e s  a r e  to  
be  i n c lu d e d .
OUTPUT DESCRIPTION
T h is  s e c t i o n  p r e s e n t s  a  d e s c r i p t i o n  o f  th e  p rog ram  o u tp u t  and  d e f ­
i n i t i o n s  o f  t h e  o u t p u t  sy m b o ls .  The p rog ram  p ro d u ces  b o t h  p r i n t e d  o u tp u t  
and punched c a rd  o u t p u t .  The p r i n t e d  o u t p u t  p ro v id e s  a  h u m a n -re a d a b le  
r e c o r d  o f  i n p u t  p a r a m e te r s ,  i n t e r m e d i a t e  r e s u l t s  and th e  f i n a l  s o l u t i o n .  
The punched c a r d  o u t p u t  p r o v id e s  a  m a c h in e - r e a d a b le  medium f o r  r e s t a r t i n g  
r u n s .
Printed Output
The f i r s t  page  o f  o u tp u t  i s  a  p r i n t  o f  th e  i n p u t  d a t a .  T h is  i s  
p ro v id e d  f o r  a  check  o f  th e  i n p u t  and an i d e n t i f i c a t i o n  o f  th e  p ro b le m .
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A l l  q u a n t i t i e s  on t h i s  page  a r e  d e f in e d  i n  t h e  I n p u t  G uide s e c t i o n .
Most o f  t h e  second page  a l s o  c o n t a i n s  p rob lem  s p e c i f i c a t i o n  d a t a  w hich 
i s  s e l f  e x p l a n a t o r y .  F o l lo w in g  th e  g u essed  n o n d im e n s io n a l  s t a n d - o f f  
d i s t a n c e  (DELTA) and t r a n s fo rm e d  s t a n d - o f f  d i s t a n c e  (DELTA) and t r a n s ­
formed s t a n d - o f f  d i s t a n c e  (DTIL), a  l i s t i n g  o f  t h e  d im e n s io n a l  s t a n d ­
o f f  d i s t a n c e  computed a t  each  i t e r a t i o n  i s  g iv e n  i f  t h e  l in e -c o n t ln u m m  
r a d i a t i o n  model i s  u s e d .
S p e c ie s  number d e n s i t i e s  f o r  th o s e  s p e c i e s  u sed  i n  t h e  r a d i a t i o n  
c a l c u l a t i o n  d u r in g  t h e  f i n a l  i t e r a t i o n  a r e  p r i n t e d  on th e  t h i r d  p ag e .
The f o u r t h  page  p r o v id e s  an  o u tp u t  o f  r a d i a t i v e  f l u x e s  com puted d u r in g  
th e  f i n a l  i t e r a t i o n .  The contlnuimn c o n t r i b u t i o n  and l i n e  c o n t r i b u t i o n  to  
t h e  s p e c t r a l  f l u x  i s  p r i n t e d  f o r  t h r e e  ETA p o i n t s  (ETA = 0 .0  = w a l l ,  ETA 
= s t a g n a t i o n  p o i n t ,  ETA = 1 .0  = shock) a s  a  f u n c t i o n  o f  f r e q u e n c y  i n t e r ­
v a l s  and f r e q u e n c y  c e n t e r s  r e s p e c t i v e l y .  The co lum ns o f  f l u x e s  i n  w a t t s /  
cm d e n o te d  by Q PLUS and Q MINUS d e s i g n a t e s  f l u x e s  tow ard t h e  s u r f a c e  
and  away from  th e  s u r f a c e  r e s p e c t i v e l y .
From t h e  f i f t h  u n t i l  t h e  t h i r t i e t h  p ag e ,  r e s u l t s  o f  t h e  o v e r a l l  
i t e r a t i o n ,  e i t h e r  f i n a l  o r  i n t e r m e d i a t e ,  a r e  p r e s e n t e d .  The f i f t h  page 
b e g i n s  w i t h  one o f  t h e  f o l l o w i n g  m e ssa g e s :  (1) "INTERMEDIATE PRINT AT
ITERATION NO. a  MCONV = b ECONV = c DCONV = d "  w here  a I s  t h e  o v e r a l l  
i t e r a t i o n  num ber, and b ,  c ,  and d a r e  e i t h e r  T ( t r u e )  o r  F ( f a l s e )  de­
p en d in g  upon i f  th e  momentum -  g lo b a l  c o n t i n u i t y  e q u a t io n ,  e n e r g y - s p e c i e s  
c o n t i n u i t y  e q u a t i o n s ,  and th e  shock  s t a n d o f f  d i s t a n c e  have  c o n v e rg e d ,  
r e s p e c t i v e l y .  I f  t h i s  m essage  i s  p r i n t e d  a t  l e a s t  one o f  b ,  c ,  o r  d 
m us t be  F .  (2) "SOLUTION CONVERGED IN e  ITERATIONS", w here  e i s  th e  
number o f  o v e r a l l  i t e r a t i o n s  i t  to o k  to  c o n v e rg e .  F o l lo w in g  e i t h e r  one 
o f  t h e s e  two m essages  i s  a  p r i n t o u t  o f  t h e  shock  s t a n d - o f f  d i s t a n c e  
p a r a m e te r s  DELTA, DTIL; th e  c o n v e c t iv e  (QC), r a d i a t i v e  (QR), d i f f u s i v e
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(QD) and t o t a l  h e a t i n g  r a t e  w i th  t h e  r e s p e c t i v e  u n i t s  p r i n t e d .  To th e  
l e f t  o f  t h e  h e a t i n g  r a t e  d a t a  th e  d e n s i t y  r a t i o  a c r o s s  t h e  shock  (RB) 
and th e  mass i n j e c t i o n  r a t e  (RVW) a r e  s t a t e d .  F o l lo w in g  th e  h e a t i n g  
r a t e  d a t a  i s  a  p r i n t  o f  some o f  t h e  s o l u t i o n  p r o f i l e s  a s  a f u n c t i o n  o f  
t h e  shock  l a y e r  c o o r d i n a t e s  ETA and (Y /D ). The s o l u t i o n  p r o f i l e s  p r i n t e d  
a r e :
F* = v e l o c i t y  f u n c t i o n
RV = Pv/o U (n o n d im e n s io n a l  mass f l u x  p e r  u n i t  a r e a )
C 6 CO
T/TD = T /T  (n o n d im e n s io n a l  te m p e r a tu r e )  
o
E = IE  ( r a d i a t i v e  f l u x  d iv e rg e n c e )
V = V/U (n o n d im e n s io n a l  no rm al v e l o c i t y )
00
V(FT/SEC) = d im e n s io n a l  no rm al v e l o c i t y  
G = n o n d im e n s io n a l  t o t a l  e n t h a lp y  
H(STATIC) = n o n d im e n s io n a l  s t a t i c  e n t h a lp y  
T hese  p r o f i l e s  a p p e a r  i n  p a r t  o f  page  5 and i n  page  6 .
The sh o ck  l a y e r  therm odynamic and t r a n s p o r t  p r o p e r t i e s  a s  a  fu n c ­
t i o n  o f  ETA and  Y/D a r e  p r i n t e d  i n  th e  f o l l o w i n g  p a g e s .  The p r o f i l e s  
p r i n t e d  a r e :
P(ATM) = p r e s s u r e  i n  a tm o s p h e re s  
T(DEG. KEL.) = te m p e r a tu r e  i n  d e g r e e s  K e lv in  
RHO (SLUGS/FT3) = d e n s i t y  i n  s l u g s / c u b i c  f e e t  
M (LBM/FT-SEC) = v i s c o s i t y  i n  l b m / ( f t - s e c )
RM (LBF2-SEC3/FT6) = p r o d u c t  o f  d e n s i t y  and v i s c o s i t y  i n
lb f^  -  s ec ^ / f t^
K(BTU/FT-SEC-R) = th e rm a l  c o n d u c t i v i t y  i n  B t u / ( f t - s e c - ° R )
The n e x t  f o u r  pages  p r e s e n t  th e  p r o f i l e s  o f  th e  mass f r a c t i o n s  o f  
O2 , N2 , 0 ,  N, 0+ N+ , e , C, H, H2 » CO, C3 , CN, C2H, and C2H2 a s  a fu n c ­
t i o n  o f  ETA. Page 13 c o n t a i n s  t h e  p r o f i l e s  o f  m ix tu r e  s p e c i f i c  h e a t  a t
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c o n s t a n t  p r e s s u r e  (CP), mass f r a c t i o n s  f o r  C^H, C^H, HCN and C+ , and th e
m i x tu r e  m o le c u la r  w e ig h t  (AMW) a s  a  f u n c t i o n  o f  ETA.
The above  d e s c r i p t i o n  i s  f o r  a s t a n d a r d  o u t p u t .  However, i f  th e
*
i n t e r m e d i a t e  p r i n t  o p t i o n  i s  u sed  ( i . e .  IDEBUG > 0) o r  i f  t h e  therm odyn­
amic f i t s  and i n t e r m e d i a t e  r e s u l t s  from t h e  c h e m ic a l  e q u i l i b r i u m  c a l c u ­
l a t i o n  a r e  d e s i r e d  ( i . e .  NDEBUG = 1 ) ,  a d d i t i o n a l  in f o r m a t io n  i s  p r i n t e d .
I f  m essage  number (2) i s  p r i n t e d ,  th e  r u n  h a s  ended and  t h e  program  
p r o c e e d s  t o  t h e  n e x t  c a s e  o r  s t o p s  i f  t h e r e  a r e  no a d d i t i o n a l  c a s e s  to  be 
r u n .  I f  m essage  number (1) i s  p r i n t e d ,  t h e  s o l u t i o n  h a s  n o t  converged  
and a d d i t i o n a l  i t e r a t i o n s  m u s t  be  c a r r i e d  o u t .
Punched Card O u tpu t
A f t e r  e a c h  o v e r a l l  i t e r a t i o n  th e  p rogram  o u tp u t s  a  d e c k  o f  c a rd s  
c o n t a i n i n g  a l l  r e l e v a n t  d a t a  on f l i g h t  c o n d i t i o n s ,  body c h a r a c t e r i s t i c s ,  
and sh o ck  l a y e r  s t r u c t u r e .  T h ese  d a t a  a r e  punched by a  s u b r o u t i n e  named 
PUNCH i n  su ch  a manner t h a t  t h e  c a r d s  may b e  u sed  to  r e s t a r t  a  ru n  a t  
a  l a t e r  t im e .  For exam ple , i f  th e  program  i s  a l low ed  to  ru n  f o r  3 
h o u r s ,  d u r in g  t h a t  t im e  th e  p rog ram  m ight p e r fo rm  k o v e r a l l  i t e r a t i o n s  
and i t  would o u tp u t  4 d eck s  o f  punched c a r d s ,  one f o r  each  o v e r a l l  
i t e r a t i o n .  I f  t h e  s o l u t i o n  h a s  n o t  co n v erg e d  a f t e r  t h e  3 h o u r s  have 
ru n  o u t ,  t h e  f o u r t h  deck  o f  punched c a r d s  may be used to  r e s t a r t  th e  
ru n  a t  a  l a t e r  t im e .
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c  * * * *  S L A C  * * * *
C STAGNATION L I N E  HEATING ANA LY SI S  FOR A VI S COUS  HYPERSONIC
C SHOC LAYER WITH F I N I T E - R A T E  OR E Q U I L I B R I U M CHEMISTRY AND
C R A D I A T I V E  HEAT TRANSFER.
C G.  P E R E Z .  C . D .  ENGEL.  AND 0 . D .  ESCH J U N E .
C
COMMON / F R S T R M /  U I N F ,  R l N F ,  U I N F 2 ,  P ,  RE.  L X I .  ITM,  IEM,  NE
COMMON / MA I M / K E E P , M A X E . M A X M , MA X D , I D E B U G . M C O N V . EC O N V , D C O N V . L T ,
LOGICAL MCCNV, ECONV,OCCNV
COMMON / R F L U X /  E ( 6 C) , I RAD, I TYPE
C O M M C N / NU M B E R / NS P . NN S . N E , NC
C0MM@M/ EQ2/ AA<2 0 . 5 ) , I C O D E ( 2 0 >
CO MM ON / E  0  3 / I  A( 2  0 .  5>
C
C
c
C * *  D R I V E R  P R O G R A M  * *
C
C
1 CONTINUE
C
C * *  READ AND P R I N T  ALL INPUT DATA * *
C
CALL INPUT
-----------FLOAT A A ( I . J )  M A T R I X . , . .
DO 3 0  1= 1 , N SP  
DO 2 D J = I , NE 
3 0  AA ( I , J  ) = IA ( I , J >
C
C * *  COMPUTE NECESSARY I N I T I A L  QUA N T I T I E S  * *
C
I F ( I E M . E Q . 0 ) CALL I N I T  
I F ( I T Y P E . E Q . O J C A L L  RADIN
MA IN 10
MAIN 20
MAIN 30
MAIN 40
1 9 7 2  MAIN 50
MA IN 60
TA MAIN 70
I AB MAIN ec
MA IN 90
MA IN 1 00
MAIN l i e
MAIN 1 20
MA IN 130
MA IN 1 AO
MA IN 150
MAIN 160
MAIN 170
MA IN 180
MA IN 190
MAIN 200
MA IN 210
MAIN 2 20
MAIN 230
MA IN 2 AO
MA IN 250
MAIN 260
MA IN 270
MA IN 280
MA IN 290
MAIN 3 A0
MA IN 310
MA IN 3 20
MA IN 330
MA IN 340
MAIN 350
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c MA IN 3 6 0
c * * * *  S T A R T  O V E R A L L  I T E R A T I O N  * * * * MAI N 3 7 0
c MA I N 3 8 0
1 0 0 0  C O N T I N U E MAI N 3 9 0
I EM = I E M + 1 MAI N 4 0 0
c MA IN 4 1 0
c * *  S O L V E  MOMENTUM E Q U A T I O N  * * MAI N 4  2 0
c MA IN 4 3*)
C A L L  MCMTM MAI N 4 4 0
c MA I N 4 5 0
c MA IN 4 6 0
c MA I N 4 7 0
c * *  S O L V E  E N E R G Y  AND S P E C I E S  E G U A T I O N S *4 MAI N 4 8 0
c MAI N 4 9 0
C A L L  C O U P L E MAI N 5 0 0
c MA IN 5 1 0
c * #  I N T E R M E D I A T E  P R I N T O U T  * * M A I N 5  20
c MA I N 5 3 C
C AL L  O U T P U T  ( 2 ) MA I N 5 4 0
C A L L  PGNCH MAI N 5 5 0
c MA IN 5 6 0
c MA I N 5 7 0
c MA I N s e o
c * *  CHECK S I M U L T A N E O U S  MOMENTUM ANO ENERGY C O N V E R G E N C E * * MA I N 5 9 0
c MA I N 6 0 0
I F < I E M * G T * M A X D ) GO TO 3 C C 0 M A I N 6 1 0
I F ( * N O T » M C O N V >  GO TO 1 0 0 0 MA IN 6 2 0
I F ( • NO T • EC CNVI  GO TO 1 0 C C MA IN 6 3 0
I F ( • N O T * DCONV)  GO TO 1 0 0 0 MA IN 6 4 0
c * *  P R I N T  A L L  O U T P U T  * * MA IN 6 5 0
c MA I N 6 6 0
C A L L  O U T P U T  C 1 ) M A I N 6 7 0
c MAI N 6 8 0
c * *  C O N V E R G E D  « GO BACK TO RUN ANOTHER C A S E  * * MAI N 6 9 0
c MAI N 7 0 0
Lnto
n
o
n
GO TO 1 MAI N 7 1 0
C MAI N 7 3 0
3 0 0 0  C O N T I N U E  MA I N  7 3 0
MA I N  7  AO
* *  MOMENTUM AND E N E R G Y  D I C  NOT CONVE RGE  S I M U L T A N E O U S L Y  * *  MA I N  7 5 0
MA I N  7 6 0
C AL L  O U T P U T  ( 3 )  MA I N  7 7 0
GO TO I MA I N  7 3 P
END MA I N  7 9 0
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SUBROUTINE I NPUT I NPU 1 0
INPU 2 "
INPU 3 0
* *  ROUTINE TO READ AND P R I NT  ALL I NPUT DATA * * INPU 4 0
I NPU 5 0
I NPU 6 0
COMMON / CO NV/  FPRCT . TP RCT . D D A M P . T D A f ' P ,  P D T I L INPU 7 0
CO MM CN/ CON VI / HD AMP INPU 8 C
COMMON / D E L /  D E L T A . D T I L . D T I L 5 INPU 9 0
COMMON / F R S T R M /  U I N F ,  R I N F ,  U I N F 2 ,  R ,  RE.  L X l , IT M, I EM, NETA INPU 1 OC
COMMON / MAI M/ K E E P , MA XE . MA XM. MAX D. I D E B U G . MCO NV  , E C O N V , D C O N V . L T ,  IAB INPU 1 1 0
COMMON / N O N / R D Z , M U D Z . R M D Z , A K N F , H NF . CF NF I NPU 1 2 0
C C M M C N / P R D P 1 / P I ( 6 0 ) , R H 0 ( 6 9 ) .  T ( 6 0 ) , A M W ( 6 C ) , C  ( 2 0 , 6 0 ) , C C ( 5 , 6 0  ) INPU 1 3 0
COMMON/ PROP2/  MU( 6 0 ) , RM( 6 0 ) ,  A K ( 6 0 ) I NPU 1 4 0
CO M M C N / P R O P 3 / C P S ( 2 C , 6 C ) , H S ( 2 0  »6 C ) * CP ( 6 0 )  , H M ( 6 0 ) I NPU ISO
COMMCN / R CL U X /  E ( 6 0 )  * I RAD, I TYPE I NPU 1 6 0
COMMON / V E L /  F ( 6 0 )  , F C ( 6 C ) » Z ( 6 0 )  «V ( 6 0 > I NPU 1 7 0
COMMCN / R H /  O UD. DP HI  , T D  , R Z 8 , P D . H D , H T C T A L INPU 1 8 0
CO MM CN/ WALL/ R VW , PRW, T W OLD . FLUX ( 2 0  ) , CWALL(  2 0  ) ,  EC WALL ( 5  ) INPU 1 9 0
COMMON / Y L / E T A ( 6 0 )  , Y C N D ( 6 C > I NPU 2 0 0
C O M M O N / T I T / T I T L E I 1 8 ) I NPU 2 1 0
I NPU 2 2 0
INPU 2 3 0
C 0 M M C N / E Q 1 / A I ( 2 0 )  ♦ B I ( 2 0 )  ,  C I ( 2 C ) ,  0 1 ( 2 0 ) ,  E l ( 2 0 ) ,  F I ( 2 0 ) .  G I ( 2 0  ) ,  I NPU 2 40
X AI 1 ( 2 0 )  , B I I ( 2 0 ) , Cl  1 ( 2 0 )  , D I I ( 2 n ) , E I I ( 2 0 > , F I I ( 2 0 ) . G I K  2 0  ) INPU 2 5 0
C O MMC N/ E Q2 / AA ( 2 0 , 5 ) , I C C D E ( 2 0 ) I NPU 2 6 0
COMMON/EQ 3 / 1 A ( 2 0 , 5 ) I NPU 2 7 0
C O M M O N / I D / S P ( 2 0 ) , E L ( 5 ) I NPU 2 8 0
COMMON/WT/SMW(2 0 ) , A WT( 5 > I NPU 2 9 0
C O M M O N / N U M B E R / N S P , N N 5 , N E , N C I NPU 3 0 0
C O M M C N / S P 1 / S S . T O L . N D B U G INPU 3 1 0
I NPU 3 2 0
REAL MU, MUD Z I NPU 3 3 0
LOGI CAL MCCNV, ECONV, DCCNV INPU 3 4 0
DATA END / ‘ END • / I NPU 3 5 0
C * *  INPUT FORMATS * *
C
ICO FORMAT ( 1 3 A 4 . 1 8 )
1 0 1 FORMAT C 91  5 . 2 E 1 2 . C . 2 X. 1 1 )
1 0 2 FORMAT ( 6  E 1 2 * 0  )
1 0 7 FORM AT( 1 5 5 X . E 1 C . 4 , 1 5 )
1 0 8 F O R M A T ! 5 E 1 5 . 9)
C
c * *  CUTOUT FORMATS * *
c
2 0 C FORMAT < 1 H 1 .  1 3 A4 . 1 8  / / / / )
2 n l FORMAT ( 12HC INPUT DATA / / / )
2 0 2 FORMAT ( RHO KEEP 1 5
1 / 9H NETA 1 5
2 / 9H MAXM = I S
3 / RH MAXE = I 5
A ' / <?H MAXD = I 5
5 / RH FPRCT = 1 P E 1 5 . 6
6 / RH TPRCT - E 1 5 . 6
7 / 9H LT = I 5
8 / RH IDEBUG — 1 5
<3 / 9H I P H I = 1 5  )
2 0 2 FORMAT( I X / ' * *  FI NI TE- RATE CHEMISTRY
2 0 4 FORMAT ( 9 H 0 U I N F - 1 P F 1 5 . 6
1 / 9H RI NF E l  5 . 6
2 / 9H R = E 1 5 . 6
3 / 9H TW = E 1 5 . 6
4 / RH HTOTAL - E 1 5 . 6
c / RH RVW E 1 5 . 6
6 / RH P D T I L - E 1 5 . 6  / / >
2 C 5 FORMAT C 9H0NDBUG = 1 5
1 / RH TOL — F 5 . 3 / / )
C
2 0 6 FORMAT ( 2 OH 0 1 N I T I A L T P ROF I L E  /  (  1H
* * ■ / / )
,  1 2 F 1 0 . 5  )
I NPU 3 6 0
INPU 3 7 0
INPU 3 8 0
INPU 3 9 0
INPU 4 0 0
INPU 4 1 0
I NPU 4  20
INPU 4  30
I NPU 4 4 0
I N P U 4 5 0
I NPU 4 6 0
INPU 4 7 0
INPU 4 8 0
I NPU 4 9 0
INPU 5 0 0
INPU 5 1 0
INPU 5 2 0
INPU 5 3 0
INPU 5 4 0
INPU 5 5 0
INPU 5 6 0
I NPU 57C
I NPU 5 8 0
I NPU 5 9 0
INPU 6 0 0
INPU 6 1 0
INPU 6 2 0
I NPU 6 3 0
INPU 6 4 0
I NPU 6 5 0
I NPU 6 6 0
I NPU 6 7 0
I NPU 6 8 0
INPU 6 9 0
I NPU 7 0 0
uiU)
2 0 ? FORMAT ( 2 0 H 0 I N I T I A L  RHO P R O F I L E /  ( 1H , 1 2 F 1 0 . 5  ) > I NPU 7 1 0
2 0 8 FORMAT ( 2 0 H 0 I N I T I A L  RM P R O F I L E /  ( 1H , 1 2 F 1 C . 5  ) ) I NPU 7 2 0
2 C9 FORMAT { 20HOETA /  < 1H , 1 2 F 1 0 . 5  ) ) INPU 7  30
21C FORMAT( 32H 4 CONVECTIVE CALCULATION CNLY 4 > INPU 7 4 0
2 1 1 FORMAT( 36H *  UNCOUPLED R AD I A T I O N  CALCULATION 4 1 INPU 7 5 0
2 1 2 FORMAT! 34H * COUPLED RADI ATION CALCULATION 4  ) I NPU 7 6 0
2 1 3 FORMAT! 36H 4 CONTINUUM AND L I N E  CALCULATION * ) I NPU 7 7 0
2 1 4 FORMAT! 19H 4 E M I S S I O N  MODEL 4 ) INPU 7 8 0
21 5 FORM AT! 1 X / * 4 4  E QUI LI B RI UM CHEMISTRY 44 * / /  ) INPU 7 9 0
2 1 6 FORMAT ! 1 6H S P E C I E S  I NPUTS INPU 80C
1 / 1 6 H  NO.  ELEMENTS = 15 INPU 8 1 0
2  / 2  5 X , 5 ! I 5 , 2 X , A 4 )  » INPU 8 2 0
2 1 8 FORMAT C16H NO.  S P E C I E S  = I S ) INPU 8 3 0
2 2 0 FORMAT { 2 5 X . 5 ! I 5 . 2 X . A 4 ) » INPU 8 4 0
2 2 2 FORMAT ! 16H NO.  S O L I D S  = 1 5 ) INPU 8 5 0
C INPU 8 6 0
C CARD 1 --------------------------------------------------------------------------------------- 8 7 0
READ I S . 1 0 0 )  T I T L E , I E M I N » U 8 8 0
IF ! TI TLE ( 1 ) . E G .  END ) STOP I NPU 9 9 0
I F ! I  EM >6 9  9 9 . 5 9 9 9 , 6 9 9 9 I NPU 9 0 0
5 9 9 9  CONTINUE INPU 9 1 0
C INPU 9 2 0
C 4444  START FROM SCRATCH 4444 I NPU 9 3 0
C I NPU 9 4 0
c INPU 9 5 0
c 4 *  INPUT OPTION PARAMETERS 4 4 I NPU 9 6 9
c INPU 9 7 0
c 4 4  IRAD = 1 NO RAD I A TICN CALCULATED INPU 9 8 0
c IRAD = 2  UNCOUPLED SOLUTION I NPU 9 9 0
c IRAD = 3  COUPLED SOLUTION 4 4 I N P U 1 0 0 0
c 4 4  ITYPE = 0 SPECTRAL MODEL WITH L I N E S I N P U 1 0 10
c I T Y P E = 1 E M I S S I O N  MODEL I N P U 1 0 2 0
c I N P U 1 0 3 0
KETA = NETA • I N P U 1 0 4 0
C CARD 2 --------------------------------------------------------------------------
READ ( 5 . 1 0  1 1 K E 6 P , N E T A . I  R A D , I T Y P E , MAXM, MAXE, M A X D . L T .  I P H I , I N P U 1 0 6 0
1 F P R C T , T P R C T , IDEBUG I N P U 1 0 7 0
META = NETA I N P U 1 0 8 0
I F t KETA , E 0 ,  0 )  KEEP s  0 I N P U 1 0 9 0
I F ( KEEP# G T .  0 )  NETA = KETA I N P U 1 1 0 0
c I N P U 1 1 1C
HDAMP = 0 . 6 I N P U 1 1 2 0
TDAMP = 0 . 0 6 I N P U 1 1 3 0
DOAMP = 0 #  5 I N P U 1 1 4 0
I F ( M AXM « E 0 «  0 1  M A XM=1 5 I N P U 1 1 5 0
I F ( M A X E . E Q #  0 )  MAXE=5 I N P U 1 1 6 0
IF {MAXD* EQ •  0 )  MAXD=1S I N P U 1 1 7 0
I F ( F P R C T . E Q #  0 . 0 )  F P R C T = * 0 C 5 I N P U 1 1 8 0
I F ( T P R C T  #EQ# 0 . 0 )  TPRCT =G# 0 0 5 I N P U 1 1 9 0
IF ( NFTA * EQ# 0  1 NETA = 51 I N P U 1 2 9 0
I F  ( I R A D . E O . O )  IRAD =1 I N P U 1 2 1 0
c INP U 1 2 2 0
c I N P U 12  30
c * *  FREE-STREAM FLI GHT C O N DI T I O N S  * * I N P U 1 2 4 0
c CARD 3 ----------------------------------------------------------------------------------------------------------------------------------------
RE A D ( 5  » 1 0  2 )  U I N F , R I N F , R . T W K . H T O T A L , R V W I N P U 1 2 6 0
U I N F 2 = U I N F * * 2 I N P U 1 2 7 0
I F ( K E E P # G T • 01 TWOLD = T ( l ) I N P U 1 2 8 0
T ( 1 ) =TVfK I N P U 1 2 9 C
c I NPU13QO
IFI HTOTAL . E C #  0 # C )  H T O T A L = U I N F 2 / 2 . 0 I N P U 1 3 1 0
c I N ° U 1 3 2 0
c * *  I N I T I A L  SHOCK QUANTITY E STI MA TES  * * I N P U 1 3 3 0
c CARD 4  ----------------------------------------------------------------------------------------------------------------------------------------
R E A D ( 5 , 1 0 2 )  D E L T A , D T I L  . R Z B , R E , P D T I L I N P U 1 3 5 0
I F ( P D T I L # E Q #  0 . 0 )  P D T I L  = . 0 0 1 I N P U 1 3 6 0
c I N P U 1 3 7 0
c * *  . I NPUT I N I T I A L  TEMPERATURE P ROF I L E  * * I N P U 1 3 8 0
c CARD 5  ----------------------------------------------------------------------------------------------------------------------------------------
I FCLT . E Q #  0 )  GO TO 2 8 C 0 I N P U 1 4 0 0
In
n
o
n
 
no
 
n 
n
o
n
 
n
n
READ ( 5 * 1 0 2  ) ( T ( I  ) .  I =  1 *
2 5 0 0  CONTINUE
* *  I N P U T  RHO AND I R H C M M U )  P R O F I L E S
CARD 6  --------------------------------------------------------------------------------
I F ( L T , L T * 2 )  GO TO 2 9 C 0  
R E A D ( 5  * 1 0 2 )  ( R H O ( I  ) *1 = 1 *NETA)
R E A D  ( 5  » 1 0  2 )  (R M ( I  > « I =1  .  N E T A )
2 9 0 0  CONTINUE
* *  SHOCK S H A P E  ( D E P S / D X I ) * *
I F  ( I P H I  , N E *  0 ) GO TO 2 5 5 0  
O E P S  = 0 * 0  
GO TC 2 5 7 0  
2 5 S C  C O N T I N U E
CARD 7  ---------------------------------------------------------------------------
R E A D ( 5 * 1 0 2 )  DE P S  
2 5 7 C  CONTINUE
D P H I  = 1 ,  - D E P S
I F  ( META * G T .  0 ) GO TO 1COG 
I F ( K E E P  *G T •  0 )  GO TO 1 5 C 0
* *  F I X E D  G R I D  S I Z E  CN E T A  * *
DETA *  0 . 0 2  
E T A  ( 1 ) = 0 * 0
DO SCO I = 2  .  51 
E T A ( I  ) =  E T A  ( 1 - 1  > + DETA
5 0 0  C O N T I N U E
C
GO TO 1 5 0 0
C
1 0 0 0  C O N T I N U E
NETA ) I N P U 1 4 1 0
I N P U I 4 2 0
I N P U 1 4 3 0
I N P U 1 A A 0
I N P U 1 4 5 0
I N P U 1 4 6 C
I N P U 1 4 7 0
I N P U 1 4 8 0
I N P U 1 4 9 0
I N P U 1 5 9 0
I N P U 1 5 1 0
I N P U 1 5 2 0
I N P U 1 5 3 C
I N P U 1 5 4 C
I N P U 1 5 5 0
I N P U 1 5 5 0
I N P U 1 5 7 0
I N P U 1 5 3 0
I N P U 1 5 9 0
I N P U 1 5 Q 0
I N P U 1 6 1 0
I N P U 1 6 2 0
I N P U 1 6 3 0
I N P U 1 6 4 C
I N P U 1 6 5 0
I N P U  1 6 6 0
I N P U 1 6 7 0
I N P U 1 6 8 0
I N P U 1 6 9 0
I N P U 1 7 0 0
I N P U 1 7 1 C
I N P U  1 7 2 0
I N P U 1 7 3 C
I N P U 1 7 4 0
I N P U 1 7 5 0
r> 
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n
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n 
n 
n I N P U 1 7 6 0
* *  INPUT ETA P O I N T S  * *  I N P U 1 7 7 C
c a r d  a ----------------------------------------------------------------------------------------------------------------------------------------------------i N P u i 7 a n
READ C 5 * 1 0 2  ) ( ETA ( I ) * I = 1 * NETA ) I N P U 1 7 9 3
I N P U 1 8 0 0
1 5 0 0  CONTINUE I N P U 1 B 1 0
I N P U 1 B 2 0
-----------P.EAO S P E C I E S  PARAMETER C A R D S . . . . . .  I N P U 1 0 3 O
CARD 9 ---------------------------------------------------------------------------------------------------------------------------------------------------- I N P U 1 8 4 0
READ 10 7 ,  N D B U G . T C L . I A R  I N P U 1 3 5 0
INPU I 8 6 0
I F ! T O L . L E . 0 . 0 )  TOL = . 0 0 1  I N P U 1 8 7 0
NDBUG=OPTICNAL OUTPUT VARIABLE I NPU1BSC
NC = NUMBER Op GASEOUS CCMFCNENTS I N P U 1 8 9 C
CARD 1 0 -----------------------------------------------------------------------------------------------------------------------------   I N P U 1 9 0 C
READ 1 0 8 .  ( CWALLt l  ) . 1 = 1  » NS P )  I N P U 1 9 1 0
GO TO 7 9 9 9  I N P U 1 9 2 0
6 9 9 9  CONTINUE I N P U 1 9 3 9
I N P U 1 9 4 0
* * * *  R E - S T A R T  * * * *  I NPU 19  5 0
I N P U 1 9 6 0
RE A D ( 5 .  1 3 0 1 )  F P R C T . T P R C T , DDAMP, TDAMp, P D T I L , HDAMP I N P U 1 9 7 0
R E A D ( 5 .  1 8 0 1  ) D E L T A . D T I L . O T I L S  I N P U 1 9 9 0
RE AD 1 5 . 1 8 0 2 )  U I N F ,  R I N F ,  U I N F 2 .  R ,  RE.  ITM,  I EM, NETA I N P U 1 9 9 0
R E A D { 5  , 1 6 0 3 )  K E E P , NAXE. MAXM. MAXD, I DE BUG. MCONV, E CONV, DC O N V . L T ■ I A 8  I N P U 2 0 0 0  
R E A D ( 5 .  1 8 0 1 ) R D Z . M U D Z . R M D 2 . A K N F . H N F . C F N F  I N P U 2 0 1 0
RE AD ( 5 . 1 8 9 4 )  N S P • N N S . NE . N C I N P U 2 9 2 0
RE AD ( 5 .  1 8 0 1  ) ( P I ( J ) . R H C ( J )  »T ( J ) . J = l  . N E T A )  I N P U 2 0 3 0
REAO ( 5 .  1 3 0 1  ) ( AMW( J )  »J = 1 . N ET A )  I N P U 2 0 4 0
R E A D ( 5 . 1 8 0 1 )  ( ( C < I  , J )  .  J = 1 . N E T A )  , 1 = 1  , N S P >  I N P U 2 0 5 0
R E A O ( 5 , 1 8 0 1 ) (  H M ( J ) , J = 1 . N E T A )  I N P U 2 0 6 0
R E A D ( 5 . 1 6 0 1 )  { E ( J )  , J  = 1 . N E T A )  I N P U 2 0 7 0
R E A D ( 5 .  IS  3 A ) IR A D , I TYPE I N P U 2 0 8 0
RE A D( 5  ,  1 8 0 1 ) DUD. 0 PHI . T O. R Z B , P D , HD, HTCTAL I N P U 2 0 9 C
READ ( 5 ,  1 8 0 1  ) ( F ( J ) » F C ( J )  , Z (  J )  , V ( J ) , J = 1 . N E T A )  I N P U 2 1 0 Q
180 1 
1 8 0  2  
1 90 3 
1 90 4 
7 1 5
RE AD( 5  * 1 8 0 1  ) RVW. PRW,  TteOL D
RE A D ( 5  » 1 8 0 1 )  ( C WA L L CI ) , 1 = 1 .  N S P )
RE A D ( 5 » 1 8 0 1 )  ( E C W A L L ( K ) , K = 1 . N E )
READ ( 5 , 1 8 0 1  > ( E TA ( J ) ,  YCND ( J  ) , J = 1  . NET A )
R E A C ( 5 , 7 1 5 ) N D B U G . I A B . T O L  
READ ( 5 , 1 3 0 1 ) ( ( C C ( K ,  J  ) » J = 1 . N E T A J . K —1 *  N E ) 
F O R M A T ! 6 E 1 3 . 5 )
FORMAT( 5 E 1 2 * 5 . 3 1 3 )
FORMAT( 5 1 5 . 3 L 3 . 2 1 5 )
FORMAT!4 1 4 )
FORMAT! 2 I 5 . E 1 5 * 6 )
7 9 9 9  CONTINUE
* * * *  P R I N T  DATA * * * *
WRITE ( 6 . 2 C C  ) T I T L E . I E V  
WRITE C 6 . 2 0 1  )
WR I TE ( 6 , 2 0 2 ) K E E P . N E T A , M A X M, MAXE » MAXD.FPRCT . TFRCT . LT * I DEBUG 
1 ,  I PHI
I N F , R . T W K . H T O T A L . R V W . P D T  IL 
( 6 , 2 1 0 )
WR I T E  ( 6 » 2 0  4 ) U 
IF { IR A D . E Q .  1 ) 
IF ( IR AD . E  0 .  2 )  
IF ( I R A D . E Q . 3 )
I N F . R  
WRI TE 
WRI TE 
WRITE
( 6 , 2 1 1 ) 
( 6 , 2 1 2 )
I F ( I R A D . E O . 1 )  GO TO 3 0 0  
I F !  I T Y P E . E O . Q )  W R I T E ( 6 , 2 1 3 )
I F ( I T Y P E . E Q . l )  WRI TE( 6 , 2 1  A )
3 0 0  CONTINUE
WRITE ( 6 ,  2 0  6 )  ( T ( I ) , 1  = 1
I F (  I F M . E Q . O ) T ( 1 )  = TWK
WRITE!  6 , 2 0  7 )  ( R H O ( I  ) , I = I , NETA)
WRI TE(  6 . 2 0 8 )  CRM ( I ) , I = 1 ,  NETA) 
W R I T E ( 6 . 2 0  9 )  ( E T A ( I  ) , 1 = 1  , N E T A )
WRI TE( 6 . 2 1 7 )  DE P S  
2 1 7  FORM AT ( 9 H O D E P S / D X I  / ( 1 H  . 1 2 F 1 Q . S )
NETA )
I NPU 2 1 1 0  
I N P U 2 1 2 C  
I N P U 2 1 3 0  
I N P U 2 1 4 9  
I N P U 2 1 5 0  
I N P U 2 1 6 0
I N P U 2 1 7 C  
I N P U 2 1 8 0  
I N P U 2 1 9 9  
I N P U 2 2 9 P  
I NPU 2 2 1 °  
I N P U 2 2 2 P  
I N P U 2 2 3 0  
I NPU 2 2 4 0  
INP U 2 2 5 0  
I N P U 2 2 6 0  
I N P U 2 2 7 0  
I N P U 2 2 8 0  
I N P U 2 2 9 0  
I N P U 2 3 0 0 
I N P U 2 3 1 0  
I N P U 2 3 2 0  
I N P U 2 3 3 0  
I N P U 2 3 4 0  
I N P U 2 3  5 0  
I N P U 2 3 6 0  
I N P U 2 3 7 C  
I N P U 2 3 8 0  
I N P U 2 3 9 0  
I NPU 2 4 0 0  
INPU 2 4 1 0  
I N P U 2 4 2 0  
I N P U 2 4 3 0  
IN PU2 4 4 0  
I N P U 2 4 5 0
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DO 1 2 J = 1 ♦ NE
P R I N T  3f>6 » { I A(  I * J  )
FORMAT! 5X»  2 C I 5 t
CONTINUE
RETURN
END
1 = 1 , N S P )
I NPU 2 8 1 0  
I N P U 2 8  2 0  
I N P U  2 8  3 0  
I N P U 2 8 A 0  
I NPU 2 8 5 0  
I NPU 2 8  60  
I NPU 2 8 7 0
SUBROUTINE I N I T I N I T 10
IN IT 2 0
I N I T 3 0
* *  ROUTINE TO COMPUTE NECESSARY I N I T I A L  Q U A N T I T I ES I N I T 4 0
I N I T 5 0
I N I T 6 0
COMMON / C O N V /  F P R C T , T P R C T , D D A M P . T C A M P , P O T I L I N I T 7 0
COMMON / D E L /  DFLTA , D T I L , D T I L S I N I T 8 0
COMMCN/E Q 2 / A  A ( 2 0 i 5 )  , I C O D E ( 2 C ) I N I T 9 0
COMMON / EQ 3 / 1  A ( 2 ' 3 . 5 ) I N I T 1 0 0
COMMON / F R S T R M /  U I N F ,  R I N F .  U I N F 2 ,  R • R E ,  L X I , ITM,  IEM,  NETA I N I T 1 10
COMMCN/ GUESS/ TG1C 6 0  , T G 2 ( 6 C ) I N I T 1 2 0
COMMCN / MAI  M / K E E P , M A X E , MAXM, MAXD. I D E B U G , MCONV,ECONV, DCONV, L T ,  IAB I N I T 1 3 0
COMMON / N O N / R D Z  »M UDZ » R MD Z , A K N F , H N F , CFNF I N I T
COMMCN/PROP 1 / P I ( 6 0 )  , R H C ( 6 0 )  ,  T t 6 0 ) , AMW{ 6 0 )  , C ( 2 0 , 6 0  ) ,  EC( 5 ,  6 0  ) I N I T 1 5 0
C O MM C N / NU M B E R / NS P , NN S , N E  * NC I N I T 1 6 0
CO V M C N / P R 0 P 2 /  V U ( 6 0 ) , R M ( 6 0 ) ,  AK( 6 0 ) I N I T 1 7 0
C 0 M M Q N / o R 0 P 3 / C P S ( 2 0 , 6 0 >  , H S ( 2 0 . 6 0  > , C P  ( 6 0 ) , H M ( 6 0 ) I N I T 1 8 0
COMMON/VECTOR/  C A ( 6 0 )  . C D ( 6 0 >  »C C ( 6 0 )  , B ( 6 0 ) I N I T 1 9 0
COMMCN / V E L /  F ( 6 0 )  , F C ( 6 0 )  , Z ( 6 0 >  ,  V ( 6 0 ) I N I T 2 0 0
COMMCN / R F L U X /  E ( 6 0 )  , I R A O , I TYPE I N I T 2 1 0
COMMCN / R H /  O U O , O P H I . T D . R Z B , P O , H D , H T C T A L I N I T 2 2 0
C O M M C N / S P 2 / B R , S ( 2 0 I , C S H 0 C K ( 5 ) I N I T 2 3 0
CDMMCN/’XALL/ RVW. PRfc  ,TWOLD , FLUX ( 2 0  ) ,  CWALL(2 0  ) ,  ECW ALL ( 5  ) I N I T 2 4 0
COMMON / ’* T / S M ^ (  2 0 )  , A * T ( 5 ) I N I T 2 50
COMMON / Y L / £ T A ( 6 0 ) , Y C N D ( 6 C ) I N I T 260
C O M M C N / D D / D ( 6 0 ) I N I T 2 7 0
COMMCN/ I T/ AC I N I T 2 8 0
REAL MU.MUDZ I N I T 2 0 0
I N I T 3 0 0
LOGI CAL MCCNV * ECO NV, DCCNV I N I T 3 1 0
I N I T 3 2 0
MC ON V =  . F A L S E . I N I T 3 3 0
ECONV = . F A L S E . I N I T 3 4 0
DCONV = . F A L S E . I N I T 3 5 0
163
DO 9 C 0  1 = 1 , 6 0 I N I T 3 6 0
DO 9 C 0  J = 1 , N S P I N I T 3 7 0
9 0 0 C I J . I I  = 1 . O E - 2 0 I N I T 3 8 0
c I N I T 3 9 0
c I N I T 4 0 0
c * *  DETERMINE D E N S I T Y  RATIO ,  REYNOLDS NUMBER I N I T 4 1 0
c FROM I N P U T S  OR PANKINE HUGCNICT E O S .  * * I N I T 4 2 8
c I N I T 4 30
C GUESSED VALUES I N I T 4 4 0
TD = 1 2 9 0 0 .  + « 5 E —5 * ( H T O T A L  - 6 . 5 E + 3 ) I N I T 4 5 ?
RZB = . 0 6 I N I T 4 6 0
C I N I T 4 7 ?
TCNETA)  = 1 , 0 I N I T AflO
HNF = 2 . * 7 7 8 , 2 3 * 3 2 . I 7 2 / U I N F 2 I N I T 4 9 0
9 9 8 CONTINUE I N I T SO?
PD = ( 1 ,  - R Z B > * R I N F  * U I N F 2 / 2 1 1 6 , I N I T 5 1 0
HD = H T O T A L / ( 7 7 8 . 2 8 * 3  2 . 1 7 2 ) I N I T 5 2 0
CPNF = 1 . 8 * 7 7 8 . 2 8 * 3 2 , I 7 2 * T D  * 2 .  / U I N F 2 I N I T 5 3 0
AKNF = 1 .  8 * 7 7 8 , 2 8 * T D  * R Z R / ( R * R I N F * U I N F * U  I N F 2 ) I N I T 5 4 0
P I ( N E T A ) =  PD I N I T 55C
CALL G A S ( NET A > I N I T 5 6 0
R Z B 1 = R I N F / ( RDZ*RH 0 ( NET A > ) I N I T 5 7 ?
TEST = A 3 S ( ( R Z B - R Z B 1 > / R Z B > I N I T 5 8C
I F { TEST , L T .  0 • OC 5 )  GC TO 9 9 9 I N I T 5 9 0
R Z B = . 5 * ( R Z B + R Z 8 1 ) IN IT 6 0 0
GO TO 9 9 8 I N I T 6 1 ?
999 CONTINUE I N I T 6 2 0
RE = R D Z * U I N F * R * 3 2 . 1 7 4  /  MUDZ I N I T 6  30
C I N I T 6 4 0
c I N I T 6 5 0
c * *  GUESS AT DELTA TO START * * I N I T 6 6 0
c I N I T 6 7 0
I F ( D E L T A  , E Q *  0 . 0 1  D E L T A = 0 , 7 8 * R Z B I N I T 6  8 0
IF (D TI L ♦ E Q ,  0 , 0 )  D TI L=1 • 1 +DELT A + 1 . 2 * R V W I N I T 690
WRI TE( 6 , 2 0 0 )  R Z B , R E I N I T 7 0 C
w
2 0 0 FORMAT{ I AHODENSITV RATIO . 5 X , 1 2HREYNCLDS NO* / 2 E 1 5 • 6 ) I N I T 7 1 0
WR I TE ( 6  * 2 0 1 )  DELTA * DT I L I N I T 7 2 0
2C 1 FORM AT ( 6H0DELTA » 1 3 X . * H D T I L  / 2 E 1 5 * 6 ) I N I T 7 3 0
C I N I T 7 4 0
9 9 7 CONTINUE I N I T 7 5 0
DO 9 9 5  1 = 1 , NETA I N I T 7 6  0
P I ( I ) = PO I N I T 7 7 0
£  ( I ) = 0 * 0 I N I T 7 9 0
9 9 5 CONTINUE I N I T 7 9 0
C * *  RAN KI N- HUGON I nT  RELATI ONS * * IN IT 9 0 0
C I N I T 8 1
VD = - R Z 8 I N I T 8 2 0
TW = T ( I ) I N I T 8  30
T ( 1J = T( 1 ) / TD I N I T 8 4 0
c I N I T 8 5 0
c * *  STAGNATION POI NT L I M I T  Q U A N T I T I E S  * * I N I T 86G
c INTT 8 7 0
OUD = DPHI + R Z 3 * ( 1 * - D P M I ) I N I T 3 8 0
C NOND I ME NS I O NAL I Z I N G  FACTORS I N I T 8 9 0
AKNF = 1 * 8 * 7 7 8 * 2 8 * T D  * R Z B / { R*R I N F * U I N F * U I N F 2 ) I N I T 9 0 P
CPNF = 1 * 8 * 7 7 3 * 2 9 * 3 2 * 1 7 2 * T D  * 2 *  / U I N F 2 I N I T 9 1 0
C I N I T 9  20
C GUESSED F AND Z P R O F I L E S I N I T 9  30
C I N I T 9 4 0
I F ( K E E P • G T .  0 )  GO TO 9 I N I T 95C
N = NETA—2 I N I T 9 6 0
FD = R Z B / t 2 * * D U D * D T I L ) IN IT 9 7 0
FW -  -RVW*FD I N I T 9 8 0
F ( 1 ) = FW I N I T 9 9 0
DO 2 K = 2 t NET A I N I T 1 0 0 0
F ( K >  =  ( F D - F W > * E T A ( K )  + FW I N I T 1 0 1 9
2 CONTINUE I N I T  10 2 0
DO 3 I = i , N I N I T 1 0 3 0
Z ( I ) = E T A ( 1 + 1 ) / D T I L I N I T  1 0 4 0
3 CONTINUE I N I T I O  5 0
O'
Ln
u 
u
C GUESSED T P R O F I L E S
I F C K E E P . G T . O  ) G 0 T 0 9  
I F ( L T « G T * 0 ) GO TO 11 
I F ( R V W , G T . 0 . 0 > G O T 0 7  
C NO BLOWING T P R O F I L E  
TWG1 = . 1 0 3 3
D06K = 2 , NETA
TP = T G K K )  + ( T ( 1 1 — TWGl )
T{ K ) = TP — ( T ( 1 ) — TWGl)  *  E T A ( K )
6 CONTINUE  
GO TO 11
7 CONTINUE  
TWG2 = • 3 3 2 5
C BLOWING T P ROFI LE  
DO 8K = 2 . NETA 
TP = T G 2 I K )  + ( T { 1 >  — TWG2)
T t K )  = TP —( T ( 1 ) — TWG2) *  E T A ( K )
8 CONTINUE  
GO TO 11
9 CONTINUE
DO 1 9  K = 2 . N E T A
TP = T { K ) + T (1  ) —T WOLD
T ( K )  = TP - C T ( 1 ) - T W O L D ) * E T A ( K )
W R I T E ( 6 « 1 0 C >  T ( K ) , F T A . ( K )
10  CONTINUE
11 CONTINUE
* *  I N I T I A L I Z E  SHOCK LAYER PARAMETERS FOR VARI ABLE S T E P  S I Z E  
DO 8 1 0  I = N E T A • SO 
E T A t I ) = 1 * 0  
Tt  I ) = 1 . 9  
E d )  = 0 . 0  
P I t I ) = PD 
MU ( I ) = 1 . 0  
C P ( I  ) =  C P I N E T A )
IN I T 10 6 0  
I N I T 10 7 0  
IN IT 1 0 8 0  
I N I T 1 0 9 0  
I N I T 1 1 0 0  
I N I T 1 1 1 ?  
I N I T 1 1 2 0  
IN I T i l  3 0  
I N I T 1 1 4 0  
IN I T I 1 5 0  
I N I T 1 1 6 0  
I N I T 1 1 7 0  
I N I T 1 1 8 0  
I N I T 1 1 9 0  
I N I T 1 2 9 C  
I N I T 1 2 1 0  
IN IT 1 2 2 0  
I N I T  1 2 3 0  
I N I T  1 2  AC* 
I N I T 12  5 0  
I N I T 1 2 6 0  
I N I T 1 2 7 0  
I N I T 1 2 8 0  
I N I T 1 2 9 C  
I N I T 1 3 0 0  
I N I T 1 3 1 0  
I N I T 1 3 2 0  
I N I T 1 3 3 0  
I N I T 1 3 A 0  
I N I T 1 3 5 0  
IN IT 1 3 6 0  
I N I T 1 3 7 G  
I N I T 1 3 B 0  
IN I T 1 3 9 0  
IN IT1AOO
AK( I ) = AKCNETAl
V( I ) = VO «
F (  I ) = FD
F C ( I ) = F D
DO BIO J = l , N S P
C< J ,  I ) = C t  J • NE T A)
H S ( J » I ) = 1 • 0  
3 1 0  CONTINUE  
1COP CONTINUE
DO2 2  3 J = 1 , 6 0  
D 0 2 2 3 K - 1 , N E  
2 2 3  E C( K ,  J ) = 1 * E —2 0
C
DO 2 2 1 1 = 1 » N SP  
C ( I , 1)  = C WALL( I )
2 2 1  CONTINUE
C——------ CALCULATE AMW(N>
C
WAMW = 0 * 0  
DO 2 5  J = 1 , NSP
2 5  WAMW = WAMW + C W A L L ! J ) / S M W ( J »
WAMW = 1 « /  WA MW
2 6  AMW < 1 ) =  WAMW
C
C
C------------CONVERT WALL AND SHOCK COMPOS I TI ONS  TO
C
DO 3 3 1 J =1 * NE 
E C ( J ,  1 > = 0 ,  0  
EC ( J  , NETA ) =CU0  
DO 3 3  1 = 1 , NSP
FAC = A A 1 1 , J  >*AWT ( J J / S M W ( I )
E C ( J * 1 1 =EC C J » 1 )  + F A C * C ( 1 , 1 )
3 3  E C t J , N E T A ) = E C ( J , N E T A )  + F A C * C ( I , N E T A ) 
3 3 1  E C W A L L I J ) = E C ( J , I )
ELEMENTAL B A S I S
IN I T 1 4 1 0  
IN IT 14  20 
I N I T 1 4 3 0  
IN IT 1 4A0  
I N I T 1 4 5 0  
I N I T 1 A 6 0  
IN I T 1 4 7 0  
I N I T 1 4 8 0  
I N I T 1 A 9 0  
I N I T  1 5 0 0  
I N I T 1 5 1 C  
I N I T 1 5 2 0  
I N I T 1 5 3 0  
I N IT 1 5 4 0  
IN IT 1 5 5 0  
IN I T 1 5 6 0  
I N I T I 5 7 0  
I N I T 1 5 3 0  
I N I T I 5 9 0  
IN IT 1 6 0 0  
I N I T 1 6 1 0  
I N I T 1 6 2 0  
I N I T 1 6 3 0  
I N I T 1 6 4 C  
I N I T 1 6 5 0  
I N I T 1 6 6 0  
IN IT 1 6 7 0  
I N I T 1 6 8 0  
IN IT 1 6 9 0  
I N I T 1 7  00 
IN IT 1 7 1 0  
I N I T 1 7 2 C  
I N I T 1 7 3 0  
I N I T 1 7 4 0  
IN I T 1 7  5 0
n 
n
34
D 0 3 4 N = N E T A . 6 0
D 0 3 4 J = 1 . N E
EC ( J  . N ) = E C ( J . N E T A )
* * * *  COMPUTE MUD 2 AND RMDZ * * * *  
AC = 8 . 1 2 3 E - 0 8 * ( T D * * l . e 5 9 ) / ( P I < 1 ) * R * U I N F )  
DO 1 6 2 3 J = 1 . N E T A  
1 6 2  3  D t J )  = A C * ( T ( J ) * * 1 . 6 5 9 )
CALL ELRAT
CALL C HE ME Q ( l . N E T A )
MUDZ = 1 . 0
CALL PROPRT ( N S P , NETA. NE T A)
MUDZ = MU(NETA)
RMDZ = RM(NETAI
CALL PROPRT ( N S P * l . N E T A )
D T I L S  = . 0 1
I F ( I DEBUG . E O .  0 )  RETURN 
W R I T E ( 6 . 4 0 0 0 )  V D . D U D . P D  
W R I T E ( 6 . 4 0 0 0 )  DE L T A . D T I L , RZ B . RE 
4 C 0 0  F O R M A T ! 1 H 0 . 6 E 1 5 . 6 )
2 0  3 F 0 R M A T ( 6 E 1 2 . C)
ICO F O R M A T ! I X . 9 E 1 4 . 6 )
RETURN
END
IN I T 1 7 S C  
I N I T I 7 7 0  
I N I T 1 7 8 0  
I N I T 1 7 9 0  
I N I T 1 8 0 0  
I N I T 1 S 1 0  
I N I T 1 8 2 0  
IN I T 1 9 3 0  
I N I T 1 8 4 0  
I N I T  1 8 5 0  
IN I T  1 8 6 0  
I N I T 1 8 7 0  
I N I T 1 S 8 C  
I N I T 1 3 9 0  
I N I T 1 9 0 0  
I N I T 1 9 1 0  
IN IT 1 9 2 0  
IN I T 1 9 3 0  
I N I T 1 9 4 0  
I N I T  19  50  
I N I T I 9 6 0  
IN I T 19 7 0  
I N I T 1 9 8 0  
I N I T 1 9 9 0  
IN IT20OO
SUBROUTINE MCMTM MOMT 10
c MOMT 2 0
c -----------T H I S  SUBROUTINE SOLVES THE MOMENTUM EQUATION AS A MQMT 3 0
c SECOND ORDER EQUATION AND A F I R S T  ORDER EQUATION ----------- MOMT 4 0
COMMON / C O N V /  F P R C T , TP RCT, CDAMP . TDAMP ,  PDT IL MOMT 5 0
COMMON / D E L /  DELTA *D T I L . D T I L S MOMT 6 0
COMMCN / F R S T R M /  U I N F ,  R I N F ,  U I N F 2 • P • RE.  L X I , ITM,  IEM,  NETA MOMT 7 0
COMMON /MAI M/ KEEP, MAXE ,MAXM,MAXD♦ I DEBUG, MCONV, ECONV, DCONV»LT» IAB MOMT 80
COMMON / N O N / R D Z . M U D Z . R M D Z . A K N F , H N F , C F N F MOMT 9 0
C O M M C N / P P O P I / P I ( 5 0  , R H O ( 6 0 > .  T ( 6 0 ) ♦ AMW( 6 0  ) ,  C ( 2 C , 6 0  » , E C ( 5 , 6 0  ) MOMT 1 0 0
CO MM O N / P R O P 2 /  MU( 6 C) , PM( 6 0 ) ,  A K( 6 0 ) MOMT 1 10
C O M M O N / P R O P 3 / C P S ( 2 ^  , 6 0 )  » H S ( 2 C . 6 0  ) . C P  ( 6 0 )  , H M ( 6 0 ) MOMT 1 2 0
COMMON / H F L U X /  E(  6 0  ,  I RAD ,  I TYPE MOMT 1 3 0
COMMON / R H /  O U D . D P H I » T D , R Z B , P D , HD, HTCTAL MOMT 1 4 0
COMMCN/VECTOR/  CA( 6 0 )  . C B < 6 0 ) , C C ( 6 0  I , B { 6 0 ) MOMT 1 5 0
COMMCN / V E L /  F ( 6 0  ) , F C ( 6 0  I , Z ( 6 0 )  , V ( 6 0 ) MOMT I 6 0
COMMCN/WALL/R VVf, PRW,  TWCLD , F L U X (  20  ) * CWALL(20 ) ,  ECW ALL ( 5  ) MQMT 1 7 0
COMMCN / Y L / E T A < 6 0 ) , Y Q N D ( 6 0 > ' MOMT 1 8 0
LOGI CAL MCONV, ECONV, CCCNV MOMT 1 9 0
c MOMT 2 0 0
C'----------  I N I T I A L I Z E D  Q U A N T I T I E S  ----------- MOMT 2 1 0
c MOMT 2 2 0
MCON V = . F A L S E * MQMT 2 3 0
D T I L S  = D T l L MOMT 2 4 0
ITM = I MOMT 2 5 0
N = NETA - 2 MOMT 2 6 0
L = NETA- 1 MOMT 2 7 0
AA 3  = R Z B * ( I . - R Z B ) * O P H I * * 2 / D U D MOMT 2 8 0
D T I L S 2  =  D T I L S MOMT 2 9 0
I F ( IEM *GT■ 3  ) D T I L = * 5 * ( D T I L + D T I L S 2 ) MOMT 3 0 0
c MOMT 3 1 0
c MOMT 3 2 0
C---------- Z* » + A l * Z « + A 2 * Z = A 3 MOMT 3 3 0
c COMPUTE A 1 . A 2 . A 3 MOMT 3 4 0
1 4  CONTINUE MOMT 3 5 0
us
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c MOMT 7 1 0
c - • INTEGRATE F I R S T  ORDER EQUATION----------- MOMT 7 2 0
FC { 1 >=FW MOMT 7 3 0
SUM = FW+ ( 9 ( 1  ) + FW> * ( E T A ( 2 1 - E T A ( 1 ) ) * D T I L / 2 . MOMT 7 4 0
FC ( 2 )=  SUM MOMT 7 5 0
DO 3C K=9*NETA MOMT 7 6 0
S U M = S U M + D T I L * ( 9 ( K - 1 ) + B ( K—2 )  ) * ( E T A ( K )  —ET A I K —1 > ) / 2 . MOMT 7 7 0
3 0 F C ( K >  = SUM MOMT 7 8 0
c MOMT 7 9 0
c - -CHECK FOR CONVERGENCE MOMT 8 0 0
c MOMT 8 1 0
DO 4C K = 2 » NE TA MOMT 8 2 0
PRCT = A 8 S ( ( F C ( K ) —F ( K )  ) / F ( K )  > MOMT 8 3 0
IF ( PRCT• G T» F P R C T ) GO TO 5 0 MOMT 8 AC
4 0 CONTINUE MOMT 8 5 0
GO TO 9 0 MOMT 8 6 0
5 0 CONTINUE MOMT 8 7 0
I TER = I T E P +  1 MOMT 8 8 0
DO 6 0  K = 1 * NETA MOMT 9 9 0
6 0 F ( K ) = F C ( K ) MOMT 9 0 0
DO 6 5 1 =1 • N MOMT 9 1 C
6 5 Z ( I > =B < I ) MOMT 9 2 0
I F ( I TER* GE »MAXM > GO TO 9 0 MQMT 9 3 0
GO TO 1 5 MOMT 9 4 0
9 0 CONTINUE MOMT 9 5 0
c MOMT 9 6 0
c - -  COMPUTE NEW D T I L  ----------- MOMT 9 7 0
c MOMT 9 8 0
DT I L C = ( F D - F W ) * D T I L / ( F ( N E T A ) - F W ) MOMT 9 9 0
PRCT = A B S ( { D T I L —D T I L C ) / D T I L ) MOMT10 0 C
I F (  I TM,GT,MAXM> GO TO 1 6 0 MOMT10 t 0
ITM = ITM +1 MOMT1 0 2 0
I F ( P R C T . L E # P D T I L >  GO TO ISC MOMT1 0 3 0
DT I L  = D T I L  + D D A M P * ( D T I L C - D T I L ) MOMT10 4 0
GO TO 1 4 MOMT10 5 0
o 
u
1 5 0  CONTINUE
OTI L = D T I L +  DO A MP * ( D T I LC  - D T I L )
MCON V = • T R U E .
CHECK MOMENTUM—ENERGY _CNVERGENCE 
PRCT = A B S ( ! D T I l _ - D T I L S ) / D T I L S >
I F { PRC T « L E • POT I L ) CCCNV = • T R UE •
1 6 0  CONTINUE
C
DO 1 7 0  K = 1 T NET A 
17C V ( K > = - F C ! K ) * O T I L * 2 . / R H C ! K )
C DEBUG OUTPUT
I F ( I D E B U G . E Q .  0> RETURN 
W R I T E ( 6 , 1 0 2 )  I T E R . I T M  
1 0 2  F O R M A T ! I C X . 2 1 3 / )
W R I T E ( f i . l O O )  D T I L . O T I L C  
W R I T E ! 6 . 1 0  1)
10 1 FORMAT ! 6 X ,  ' E T A '  , 1 2  X * • F • .  1 2  X .  *F C * .  1 2 X .  ■ RHO* » 1 2 X ,  • RM» , 1 2 X .  ' V S '  .  1 2 X .  
1 * V* )
DO 1 2 0  K = 1 . N E T A
V S = - F C ! K ) * D T I L * U I N F * 2 . / R H G ( K )
WR I TE ! 6 . 1 0 0 )  ETA!  K) , F  ! K) . FC (K)  .  RHO ! K) , RM( K ) . VS . V ! K )
1 0 0  F O R M A T ! I X . 9 E 1 4 . 6 )
1 2 0  CONTINUE
W R I T E ! 5 . 1 0 3 )
10 3 F O R M A T ( 6 X .  *E TA * . l S X . ' Z ' . I S X . ' B *  ,  1 2 X . 2 H F *  )
DO 1 2 1  1 = 1 . N 
U = S !  I ) * D T I L
W R I T E ! 6 * 1 0 0 )  E T A ! I + 1 ) , Z ! I ) . B ! I ) . U
1 2 1  CONTINUE  
RETURN .
END
MOMT1 0 6 0  
MOMT1 0 7 0  
MOMT10 8 0  
MOMT1 0 9 0  
MOMT1 1 0 0  
MOMT1 1 i r  
MOMT 1 1 2 0  
MOMT 11 3TI 
MOMT1 1 4 0  
MQMT 1 1 5 0  
MOMT 1 1 6 0  
MOMT1 1 7 0  
MOMT 1 1 8 0  
MOM T i l  90  
MQMT12 0 0  
MOM T 1 2 1 0  
MOMT12 2 0  
MOMT1 2 3 0  
MOMT1 2 4 0  
MOMT1 2 5 0  
MOMT1 2 6 0  
MOMT1 2 7 0  
MOMT 1 2 9 0  
MOMT1 2 9 0  
MOMT 1 3C0  
MOMT1 3 1 0  
MOMT1 3 2 0  
MOM T 1 3 3 0  
MOMT1 3 4 0  
MOMT1 3 5 0  
MOM T 1 3 6 0  
MOMT1 3 7 0
10
20
3 0
40
SO
6 0
7 0
30
9 0
100
110
120
1 3 0
1 4 0
1 5 0
1 6 0
1 7 0
1 BO
1 9 0
200
210
2 20
2 30
2 4 0
2 5 0
2 6 0
2 7 0
2 8  0
2 9 0
3 0 0
3 1 0
3 2 0
3 3 0
34C
3 5 0
SUBROUTINE 0  LTD U T ( N >
* *  ROUTINE TO P R I N T  SHOCK LAYER S OLUTI ON * *
C O M M C N / I D / S P ( 2 0 ) *  E L ( 5 )
COMMON / C O N V /  F P R C T . TPRCT.DOAMP . TDA MP , POT I L  
COMMON / D E L /  D E L T A , D T I L , D T I L S
COMMCN / F R S T R M /  U I N P ,  R INF , U I N F 2 ,  R * RE.  LXI , ITM,  IEM.  NETA 
COMMON / MAI  M/ KEEP, MAXE, MAXM, MA XD . I O E E UG , MCONV,ECONV , D C O N V , L T .  IAB  
LOGICAL MCCNV,ECO NV. DCCNV
COMMCN / N O N / R D Z . M U D Z , R M D Z . A K N F . H N F , C F N F  
COMM CN/ NUMBER/ N S P , NNS , N E , NC
COMMCN/ P RQP 1 / P I  ( 6 0 )  , R H C ( 6 0 )  .  T ( 6 0 > . AMW( 6 0 )  , C ( 2 0  . 6 0 ) , E C ( 5 , 6 0 )
CO MMON/ PROP2/  M U ( 6 0 )  ,RM ( 6 0 )  ,  A K ( 6 0 )
C 0 M M C N / D R 0 P 3 / C P S ( 2  0 . 6  0 ) , H S ( 2 0 . 6 0 ) « CP ( 6 0 ) » HM( 6 0 )
COMMON / R F L U X /  E ( 6 0 )  . I R A D . I TYPE
COMMCN / R H /  D U D . O P H l . T D . R Z E . P D . H D . H T C T A L
COMMON / S F L U X / Q P I ( 3 )
COMMCN/VECTOR/  C A ( 6 C )  . C B ( 6 0 > , C C ( 6 0 >  . B ( 6 0 >
COMMCN / V E L /  F ( 6 0 ) , F C ( 6 C ) , Z ( 6 C ) , V ( 6 0 )
CO MMCN/WALL/RVW . P  R 'A ,  T WOLD , F L U X ( 2 0  ) »CWALL( 20  ) . ECW ALL ( 5 )
COMMON / Y L / E T A ( 6 0 ) , Y 0 N D ( 6 C )
COMMCN / D D /  D ( 6 C )
C C M M C N / S P 1 / S S . T O L . N O B U G  
DI MENS I ON B O U T ( 6 6 )  , D Q R ( 3 C )
REAL MU,MUDZ
DATA H E A D I / *  WALL*/  « H E A D 2 / * • / . H E A D 3 / • S H O C • /
4 *  COMPUTE RADI ATI ON FLUX I F  UNCOUPLED PROBLEM * *
I F ( I T Y P E * N E • 0 ) GOTC20
I F ( IRAD « E Q .  2  . A N D .  N . N E .  2 )  CALL T R A N S ( 1 )
IF ( IR A D . N E .  1)  CALL TRANS2
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I F ( I TYPE. ECU C ) Q R = - Q R I < 1 ) OUTP 7 1 0
4 4 5 CONTINUE OUTP 7 2 0
C B T U / F T 4 4  2 — SEC OUTP 7 3 3
Q R P = Q R 4 0 ,  8 8 OUTP 7 4 0
C 4 4  COMPUTE D I F F U S I V E  FLCW TO SURFACE * 4 OUTP 7 5 0
C WATTS/ CM** 2 OUTP 7 6 0
QD = 0 . OUTP 7 7 0
D 0 1 7 6 3 I = 1 . N S P OUTP 7 8 0
1 7 5  8 QD = QD + HSCI .  1 > *  (C ( I . 2 )  -  C ( I . 1 > > OUTP 7 9 0
QD = -  R H O ( 1 > * D ( 1 > * C D / < 2 » * D E L T A * Y 0 N D ( 2 ) I OUTP 8C0
QD = R I N F 4 U I N F * U I N F 2 4 Q D / ( * 8 8 4 7 7 8 , 2 8 1 OUTP 8 1 0
C B T U / F T 4 4 2 - SEC OUTP 3 2 0
QDP = * 8 8 4 Q D OUTP 8 3 0
QTOTAL=QC+QR+QD OUTP 8 4 0
QTOTP=QTOTAL4* 8 8 OUTP 8 5 0
C OUTP 8 6 0
c 4 *  D I M E N S I 0 N A L I 2 E  R H O . m u . P . A N D  E * * OUTP 8 7 0
c OUTP 8 8 0
DO 4 5 0  I =  1 .  NETA OUTP 8 9 0
RHO( I I  =RHO( I J 4 R D Z OUTP 9 0 0
MU ( I ) = M U ( I J 4 M U D Z OUTP 9 1 0
RH (  1)  = R M (  I ) 4RMDZ OUTP 9 2 0
A K ( I  > = A K ( I ) / A  KNF OUTP 9 3 0
EC I )  = E ( I ) * R I N F  * U I N F 2  *  U I N F  /  ( 2 0 8 6 6 * 0  4 R 4 R Z B ) OUTP 9 4 0
CP < I ) = C P { I  l / C P N F OUTP 9 5 0
4 5 0 CONTINUE OUTP 9 6 0
C OUTP 9 7 0
GO TO ( 1 . 2 . 3 , 4 )  .  N OUTP 9 6 0
c OUTP 9 9 C
1 WR I T E ( 6 *  2 9 1 )  IEM O U T P 1 0 0 0
2C1 FORMAT( 23H SOLUTION CGNVERGED I N  , 1 3 , H H  I T ERA T I ONS / /  1 O U T P 10 10
GO TO 4 O U T P 1 0 2 0
C OUTP 1 0 3 0
2 WRITE ( 6 , 2 0 2 1  I E M , MCCNV. ECCNV, DCCNV O U T P 1 0 4 0
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DO ICO 1 = 1* NET A 
C COMPUTE ENT HA LP I E S  
HSTAT = 0 . 0  
0 0  9 9  J = t , N 5  
9 9  HSTAT = HSTAT + H S ( J , I >* C ( J * I )
G =  HSTAT + V ( I ) * * 2
C
HEAD=HEAD2
IF C I « E Q .  I I  HEAD=HEADI  
IF ( I  . E Q .  NETA)  HEAD = I-EAD3 
YDZ = YONO{ I )
I F ( I . E Q . N E T A ) F P  = 1 . 0  
RV = - F C I I ) * D T I L * 2 .
VS = V I I )  * U I N F
WRI T E ( 6 , 2 0 8 )  H E A D • E T A ( I > *Y D Z » F P *P V * T ( I ) » E ( I ) * VI I ) , VS  
2 0 8  FORM AT( 1 H , A 4 ,  F 6 . 3 , 1 P I O E 1 2 .  3 )
I P ( I . L T . N E T A - 1 ) F P  = Z ( I ) * D T I L  
1 0 0  CONTINUE
* *  WRITE OUT SHOCK LAYER GAS P R O P E R T I E S  * *
WRI T E ( 6 * 4 4 )
FORMAT ( 1H1 » 4 8 X * 2 8 H - S H r . C K  LAYER GAS P K O P E R T I E S -4 4
2 0 6
)
W R I T E ( 6 . 2 0 6 )
FORMAT< 1 H 0 , 3 X , 3 H E T A , 8 X , 4 H  Y / D . 1 2 X . 2 H P  . 1 2 X . 2 H  T . 1 1 X ,  
1 * 1 2 X *  3 H R M L . I 1 X . 2 H  K)
C
C
W R I T E ( 6 , 2 0 7 )
2 C 7  FORMAT ( 1H , 2 7 X  , 6 H ( A T M . ) , 6 X , 1 3H ( D E G . K E L . )  , 1 2 H ( S L U  
1 2 8 H ( L B M / F T — S E C ) ( L B F 2 - S E C 3 / F T 6 ) , 1 6 H  ( B T U / F T  —
DO 1 0 1  1 = 1 . NETA
O U T P 1 4 1 0  
0 U T P 1 4 2 0  
O U T P 1 4 3 0  
O U T P 1 4 4 0  
O U T P 14  5 0  
OUTP 1 4  6 0  
O U T P 1 4 7 0  
O U T P 1 4 8 0  
OUTP 1 4 9 ' '  
O U T P 1 5 0 0  
O U T P 1 5 1 n 
O U T P 1 5 2 0  
0 U T P 1 5 3 C  
O U T P 1 5 4 0  
O U T P 1 5 S 0  
, G , H S T A T  O U T P 1 5 6 0
0 U T P 1 5 7 C  
O U T P 1 5 8 0  
O U T P 1 5 9 0  
O U T P 1 6 0 0  
O U T P 1 6 1 0  
O U T P 1 6 2 0  
O U T P 1 6 3 0  
O U T P 1 6 4 0  
O U T P 1 6 5 0  
O U T P 1 6 6 0  
3 H R H 0 , 1 I X .  2HMUOUTP1 6 7 0  
O U T P 1 6 8 0  
O U T P 16  9 0  
O U T P 1 7 0 0  
G S / F T 3 )  » 2 X ,  O U T P 1 7 1 0  
S E C - R )  . / / )  O U T P 1 7 2 0  
O U T P 1 7 3 0  
O U T P 1 7 4 0  
O U T P ! ? 5 0
u 
u 
u
I
T S = T t i ) *  TO
WRITEC 6 , 8 ) E T A ! I  I , Y C N D ! I > , P I ( I ) » TS
C
8 FORMAT( 1H F 7 . 4 , 1 P 8 E 1 4 . 4 )
9 FORM ATI 1H F 7 • A ,  1 P 7 E 1 4 * 4 )
C
10  1 CONTINUE
* 4  WRITE S P E C I E S  MASS FRACTI ONS
O U T P 1 7 6 0
» R H C ( I > , MU( I ) , RM t i l * A K I I )  OUTP 1 7 7 0
OUTP 1 7 8 0  
O U T P 1 7 9 0  
O U T P 1 8 0 0  
O U T P 1 8 1 0  
O U T P 1 8 2 0  
O U T P I S 3 0  
O U T P 1 8 4 0  
O U T P 1 8 5 0  
O U T P 1 8 6 0  
O U T P 1 8 7 0  
O U T P 1 8 3 0  
O U T P 1 8 9 0  
O U T P 1 9 0 0  
O U T P 1 9 1 0  
0 U T P 1 9 2 C  
O U T P 1 9 3 0  
O U T P 1 9 4 0  
O U T P 1 9 5 0  
O U T P 1 9 6 0  
O U T P 1 9 7 0  
O U T P 1 9 8 0  
O U T P 1 9 9 0  
O U T P 2 0 0 0  
O U T P 2 0 10  
OUTP 20  20  
O U T P 2 0 3C 
O U T P 2 0 4 0  
O U T P 2 0 5 0  
O U T P 2 0 6 0  
OUTP2 0 7 0  
O UT P 2 0 8 C  
OU T P 2 0 9 0  
OU T P 2 1 0 0
WRI TE( 6 * 2 3 0 )
2 3 0  FORMAT ( 1 H 1 , 4 8 X , 2 6 H - S P E C I E S  MASS F R A C T I O N S -  )
W R I T E ! 6 , 2 3 1 )
2 3 1  FORMAT ( 1H , 1 4 X . 3 H  0 2  * 1 1 X, 2 H N 2 , 1 1 X , 3H O ,  1 I X , 3H N , 1 1 X , 3 H  0 + ,  
1 1 1 X , 3H N+ , 1 1 X » 3H E - , / / )
DO 1 0 2  1 = 1 , NETA
W R I T E ( o , 8 )  E T A ( I )  * C ( 1  * 1 )  *C ! 2 ,  I ) « C ( 3 , I )  « C ( 4 *  I > , C ! 5 *  I ) ,
1 C t 6 , I > , C ( 7 , I )
1 0 2  CONTINUE
W R I T E ! 6 , 2 3 0 )
WRI TE( 6  * 2 3  3 )  ( S P ! I ) *  I = 8 , 1 5 )
2 3 3  FORMAT( 2 X , 4H E T A • 1 X , 8 ( 1 0 X , A 4 ) / / )
WRI TE( 6 , 8 )  1 E T A ( I > ,  ( C ( J , I ) ,  J =  8 , 1 5 > ,  I = 1 , N E T A )
WRI TE( 6 , 2  3 0 )
WRI TE( 6 , 2 3 4 )  ! SP ! I ) ,  I = 16  , 2 C >
2 3 4  F O R M A T ( 2 X »  4H E T A , 7 X , 3 H  C P , 5 ( 1 1 X • A 4 ) , 8 X , 4 H  A M W , / / >
WR I T E !  6  * 9 )  ( E T A ( I ) , C P ( I ) , ( C ! J , I ) , J = 1 6 , 2 0 ) ,  AMW ! I ) •  1= 1 ,  NET A)
C NONDI MENSI ONALI ZE  
DO 1 0 0 1 1 = 1 , NETA 
R H O ! I > =  R H O ! I ) / R D Z  
MU ! I  ) = MU!I  ) /MUD Z 
R M I I )  = RM! I l / R V D Z
E ! I ) = ( ! E ! I > 4 R ) / ( R I N F 4 U I N F 4 4  3 ) ) 4  2 0 8 6 6 * 0 4RZB  
C P ! I ) = C P ! I ) 4CPNF  
1 0 0  1 A K ! I > = A K ! I ) 4 A K N F
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2 1 7  FORMAT t  6 E 1 2a  5 )  
1COO CONT I N U E
C
RETURN
END
O U T P 2 1 10 
0 U T P 2 1 2 0  
O U T P 2 1 30  
OU T P 2 1 A O 
O U T P 2 1 5 0
6L
X
U 
U 
V
SUBROUTINE PCNCH PQNC 10
COMMON / C O N V /  FPRCT tTPRCT, DDAMP » T D A MP . P D T I L DONC 2 0
COMMCN / C O N V I / H D A M P PONC 3 0
COMMON / D E L /  D E L T A . D T I L . D T I L S PONC 4 0
COMMCN / F R S T R M /  U I N F .  R I N F ,  U I N F 2 ,  R .  R E ,  L X I ,  ITM, IEM,  NETA PONC 5 0
COMMON / M A I M / K E E o , M A X E . M A X M , M A X D , I D E B U G , M C O N V , F C O N V . D C O N V . L T , IAB PONC 6 0
COMMCN / N Q N / R O Z . M U D Z . R V D Z , A K N F . H N F , CPNF PONC 7 0
C C M M C N / N U M B E R / N S P , N N S , N E , N C PONC 8 0
C O M M C N / P R O P l / P I ( 6 0 ) , R H O ( 6 0 ) .  T ( 6 0  ) i A M W ( 5 0 ) »  C ! 2 0 , 6 9 ) , E C! 5 ,  6 0  ) PONC 9 0
COMMON / P RDP 2 /  M U ( 6 C ) , RM( 6 0 ) .  A K 1 6 0 ) PONC 1 0 0
COMMCN / P R 0 P 3 / C P S 1 2  0 , 6 0 )  , H S ! 2 0 , 6 0  ) , C P  ! 6 0  I . H M ( 50  ) PONC 1 1 0
COMMON / R F L U X /  E ! 6 C >  , I R A D . I  TYPE PONC 1 2 0
COMMCN / R H /  DUD «DPHI . T D . R Z E . P D . H D . H T C T A L PONC 13C
COMMON / V E L /  F ! 6 0 ) , F C ! 6 0 ) , Z  ! 6 C > , V ( 6 0 ) PONC 1 4 0
COMMCN / W A L L / R V W . P R W . T W O L D . F L U X ! 2 0 )  . CWALL! 2 0 ) , ECWALL! 5  ) PONC 1 5 0
COMMON / Y L / E T A ! 6 0 ) , Y 0 N D ! 6 Q ) PONC 1 6 0
•COMMCN / T I T / T I T L E ! 1 8 ) PONC 1 7 0
COMMCN / S P 1 / S S . T O L  »NDBUG PONC 1 8 0
REAL MU,MUDZ PONC
PONC
1 9 0
2 0 0
* * * * PUNCH- OLT CARDS FOR RESTART * * * * PONC
PONC
2 1 0
2 2 0
WRITE( 7 . 5 6 6 ) T I T L E , IEM PONC 2 3 0
FORMAT ( 1 3 A 4 , 1 8 ) PONC 2 4 0
WR I TE ( 7 , 1 3 0 1  ) F P R C T , T P R C T , D D A M P , T O A M P , P O T I L . H D A M P PONC 2 50
WRITE( 7 , 1 9 0 1 ) D E L T A , D T I L , D T I L S PONC 2 6 0
WR I TE C7 , 1 9 0 2 )  U I N F ,  R I N F ,  U I N F 2 ,  R ,  RE,  ITM,  IEM, NETA PONC 2 7 0
WRITE( 7 ,  18  0 3 ) KEEP. MAXE , MAXM, MAXD, I D E B U G , MCONV,ECONV. DCONV, L T , I A B PONC 2 8 0
PUNCH 1 3 0 1  * R D Z . M U D Z , R M D Z , A K N F . H N F , C F N F PONC 2 9 0
WRITE( 7 , 1 8 0 4 )  N S P , N N S , N E , N C PONC 3 0 0
WR ITEC 7 , 1 8 0 1  ) ! P I  1 J ) , R H O ! J )  , T !  J )  , J = 1  ,NET A ) PONC 3 1 0
WRITE! 7 , 1 8 0 1 ) ! A M W ! J ) , J = l , N E T A ) PONC 3 2 0
WR I T E ! 7 , 1 3 0 1  ) ! ! C ( I , J ) , J = 1 , N E T A >  , 1  = 1 , N S P ) PONC 3 3 0
WRITE! 7 , 1 8 0 1 ) !  HMt J )  ,  J.= l  , N E T A ) PONC 3 4 0
WRITE! 7 , 1 8 0 1 1  ( E ! J  ) ,  J = 1 . N E T A ) PONC 3 5 0
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WRITEt  7 » 1 8 0 4 ) I R A D * I T Y P E PONC 3 6 0
PUNCH 1 8 0 1 .  DUD , DPHI  , TD , RZB . P D . H D . H T O T A L PONC 3 7 0
WRITEt  7 , 1 8  01  ) ( F ( J ) * F C ( J )  . Z ( J ) . V { J ) * J = 1 . N E T A ) PONC 3 8 0
PUNCH 1 8 0 1 .  RVW.PRW,TWOLD PONC 3 9 0
WRITEt  7 , 1 8  01 ) C C WA L L t I ) . 1 = 1  , NSP) PONC 4 0 0
WRITEt  7 , 1 8  01 ) ( E C W A L L ( K ) , K=1 »NE) PONC 4 1 0
WRITEt  7 . 1 8 0 1  ) ( E T A ( J )  , YCND( J ) , J = 1  . NETA) PONC 4 2 0
WRITEt  7 , 7 1  5 ) NDRUG, I A B , TOL PONC 4 3 0
WRITEt  7  ,1 SOI ) t ( E C  I K . J ) ,  J = l  , N E T A ) , K = 1 , N E ) PONC 4 4 0
ISO 1 F O R M A T ( 6 E 1 3 .  5 ) PONC 4 5 0
1 8 0 2 FORMAT t 5 E 1 2 . 5 , 3 1 3 ) PONC 4 6 0
1 8 0  3 FORM ATt  5 1 5 . 3 L 3 . 2 I 5 ) PONC 4 7 0
1 90  A FORMATt 4 1 4 ) PONC 4 8 0
71 S FOR MA T ( 2 I £ , E 1 5 * 6 ) PONC 4 9 0
RETURN PONC 5 0 0
END PONC 5 1 0
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SUBROUTINE GAS (KODE ) GAS 10
c GAS 2 0
c * * THERMODYNAMIC AND TRANSPORT P ROPERTI ES  OF AIR * * GAS 3 0
c * * REFERENCE NASA TR R - 5 0  * * GAS 4 0
c GAS SO
c THE FOLLOWING P R O P E R T I E S  ARE CALCULATED GAS 6C
c TEMPERATURE AT WHICH P ROPERTI ES  ARE WANTED ( T >  IN DEG R GAS 7 0
c PRESSURE AT WHICH P ROPERTI ES  ARE WANTED <P> IN L B / I N * * 2 GAS 8 0
c RATI O OF S P E C I F I C  HEATS (GAMMA) I N  D I ME NS I ON L ES S GAS PC
c S P E C I F I C  HEAT AT CONSTANT PRESSURE ( C P )  IN B T U / L B - D E G  R GAS 1 0 0
c ABSOLUTE V I S C O S I T Y  ( V )  IN L B / F T - S E C GAS 1 10
c PRANDTL NUMBER ( P R )  IN DI ME N S I O N L E S S GAS 1 2 0
c THERMAL CONDUCTI VI TY ( XK)  IN B TU / F T  —S EC—DEG R GAS 1 3 0
c PRESSURE ( P »  I N ATMOSPHERES GAS 1 4 0
c D E N S I T Y  ( DEN)  I N L B / F T * * 3 GAS 1 5 0
c ENTHALPY ( H )  IN B T U / L S GAS 1 6 0
c ENTROPY ( S )  I N  B T U / L B - D E G  R GAS 1 7 0
c C O M P R E S S I B I L I T Y  ( Z )  IN DI  MENS IONLESS GAS 1QC
c SPEED OF SOUND ( S O S )  IN F T / S E C GAS 1 9 0
c S P E C I F I C  HEAT AT CONSTANT VOLUMN ( CV) IN B T U / L B - D E G  R GAS 2 C0
c ENTROPY ( S )  IN F T * * 2 / S E C * * 2 GAS 21'.'
c VELOCITY ( V E L )  I N F T / S E C GAS 2 2 0
c PRESSURE ( P )  IN L B S / F T * * 2 GAS 2 3 0
c MACH NUMBER ( M) IN DI  MENS ICNLESS GAS 2 4 0
c GAS 2  5 0
c * GAS 2 6 0
c NOMENCLATURE 1=QXYGEN MOLECULES.  2  = NITRGGEN MOLECULES.  3=0XYGEN ATMOSGAS 2 7 0
c 4 = NI T ROGEN ATMOS,  5 = 0XYGEN I O N S ,  6=NITROGEN IONS GAS 2 8 0
c 7 =ELECTRCNS GAS 2 9 0
c GAS 3 0 0
c GAS 3 1 0
COMMCN / F R S T R M /  U I N F ,  R I N F ,  U I N F 2 .  R ,  R E ,  L X I ,  ITM,  IEM.  NETA GAS 3 2 0
COMMON / N O N / R D Z , M U D Z . R M D Z , A K N F . H N F , C F N F GAS 3 3 0
C O M M O N / P R O P I / P I ( 6 0 )  , RH 0 ( 6 0 )  »TI  ( 6 0 ) , AMW( 6 0  J , C ( 2 9  ,  6 0  ) .  CC( 5  . 6 0  > GAS 3 4 0
COMMCN/ PROP2 /  MU ( 6 0  ) ,RM ( 6 0  > » A K ( 6 0 > GAS 3 5 0
00K>
C O M M O N / P R O P 3 / C P S ( 2 0 , 6 0 ) , H S ( 2 C , 6 C ) , C P T ( 6 0 ) , H M ( 6 0 ) GAS 3 6 0
COMMON / R H /  DUD , D P HI  , T D  , R Z 8 , P D , H D , H T C T A L GAS 3 7 0
CO MM CN / WA L L / R VW, P R W » TVtCLD , F LUX ( 2 0  ) , CWALLI20 ) * ECW ALL { 5 ) GAS 3 3 0
REAL MU,MUDZ GAS 3 9 0
LOGI CAL MCONV. GCONV, SCONV GAS 4 0 0
DATA GASC / 4 9 7 2 1 . 7 / GAS 4 1 0
c GAS 4 2 "
c GAS 4  3 0
DO 2  CO 0  I = K O D E , N E T A GAS 4 4 0
7 = T i l l )  * TD GAS 4 5 0
P = P I { I ) GAS 4 6 0
c GAS 4 7 0
C THE FOLLOWING PART OF PROGRAM USES PRESSURE IN ATMOSPHERES GAS 4 SO
C AND TEMOERATURE IN d e g  k GAS 4 9 0
C GA5 5 0 0
ITER =0 GAS 5 1 0
C GAS 5 2 0
c * *  TEMPERATURE -  ENTHALPY I T E R A T I O N  * * GAS 5 3 0
c GAS 5 4 0
9 0 0 CONTINUE GAS 5 5 0
I T E R = I T E R + 1 GAS 5 6 0
I F  t T * L T , 1 0 0 #  ) 7 = 1 OC. GAS 5 7 0
A 1 = 1 1 3 9 0 - / T GAS 5 8 0
A 2 = l E 9 9 0 . / T GAS 5 9 0
A 3 = 2  2 7  S . / T GAS 6 0 0
A 4 = 3 3 9 0 . / T GAS 6 1 0
A 5 = 2  2 9 * / T GAS 6  2 0
A6  = 3 2 6 • / T GAS 6 3 0
A 7 = 2 2 8 9 Q . / T GAS 6 4 0
A 8 = 4 £ 6 0 9 . / T GAS 6 5 0
A 9 = 2 7 7 0 0 * / T GAS 6 6 0
A 1 C = 4  1 5 0 0 *  / T GAS 6 7 0
A 1 1 = 3 8 6 9 C . / T GAS 6 8 0
A 1 2 = 5 8  2 0 0 . / T GAS 6 9 0
A 1 3 = 7 0 • 6 / T GAS 7 0 0
00LO
A 1 4 =  1 8  8 .  9 / T GAS 7 1 0
A 1 5 = 2 2  C O O . / T GAS 7 2 0
A l f i  = 4 7 ( * 9 C . / T GAS 7 3 0
A 1 7 = 6 7  9 ? 9 . / T GAS 7 4 0
A 1 8 = 2 2 7 0 . / ( 4 . * T ) GAS 7 5 0
A 1 9 =  TANH ( A 1 8  1 GAS 7 6 0
A 2 0 = 3 3 9 9 » / ( 4 . * T > GAS 7 7 0
A 2 1 = TA NH( A 2 0 ) GAS 7 8 0
TT = 1 » /  T GAS 7 9 0
T S Q = T * * 2 GAS 8 0 0
T S Q R T = T * * , 5 GAS 8 1 0
A 2 2 = l l 2 . 2 2 2 2 / T GAS 82C
A 2 3 = T / 5 9 0 0 0 . GAS 8 3 0
A 2 4  = T/ 1 1 3 2 0 0 . GAS 8 4 0
A2 5 = T / 7 5 4 0 0 . GAS 3 5 0
AA 1 = E X P ( - A  1 > GAS 8 6 0
AA 2 = E X P ( —A 2 ) GAS 8 7 0
AA 3 = E X P { A 3 ) GAS 8 8 0
A A 4 = E X P t A 4 > GAS 8 9 0
AA 5 = E X P ( —A 5 ) GAS 9 0 0
A A 6 = E X P ( - A 6 > GAS 9 1 0
AA 7 = E X P I  —A 7 » GAS 9 2 0
A A 8 = E X P ( —A 3 ) GAS 9 3 0
A A 9 = F X P ( - A 9 ) GAS 9 4 0
A A 1 0 = E X P ( - A 1 0 ) GAS 9 5 0
A A 1 1 = E X P ( - A 1  1 > GAS 9 6 0
A A 1 2 = E X P ( —A 1 2 ) GAS 9 7 0
A A 1 3 = E X P ( — A 1 3 ) GAS 9 8 0
A A 1 4 = E  X P ( — A 1 4 ) GAS 9 9 0
AA 1 5 =E XP(  — A 1 5  ) GAS 1 0 0 0
A A 1 5 = E  XP t — A 1 6 ) GAS 101G
AA 1 7  =E XPC — A 1 7  ) GAS 1 0 2 0
CALCULATI NG E N E R G I E S  PER CCMPONENT CF GAS MIXTURE ABOVE GAS 1 0 3 0
REFERENCE E NE R G I E S * GAS 1 0 4 0
E 1 = 2 . 5 + t ( 2* * A A 1 * A 1 + A A 2 * A 2 ) / ( 3 . + 2  » *  A A 1 + A A 2 )  ) + t A 3 / ( A A 3  —1 •  ) ) GAS 10 5 0
00
-P>
ET = 2 . 5  + ( A 4 / I A A 4 - 1 . ) > GAS 1 0 6 0
E 3  = l « 5  + ( ( 3*  * A A 5 * A 5 + A A 6 * A 6 + 5 .  # A A 7 # A 7 + A A 8 * A 3  ) / (  5 . + 3 • * AA5 + A A 6 + 5 • + A A 7 + G A S 1 0 7 0
1AA 81 ) GAS i o a o
E 4  = 1 . 5 + ( ( 1 0 * *  A A 9 *  A 9+ 6  * * A A 1 0 * A 1 0 ) / ( 4 . + 1 0 • *  A A 9 + 6 • * AA1 0 )  ) GAS 109C
E 5 = l * 5 + ( ( 1 0 . * A A l l * A l l + 6 . * A A  1 2 * A 1 2 ) / ( 4 • + 1 0 . * AA 1 1 + 6 * *  AA 1 2 )  ) GAS i i  o n
E 6  = l  . 5  + ( < 3 . *  AA 1 3 * A I 3 + 5 .  *AA1 4 * A 1  4 + 5 .  *A  A I 5 *  A 1 5 +  A A 1 6*A 1 6 + 5 .  *A A1 7 *  A 1 7  ) GA S 11 10
l / (  l . + 3 . * A A 1 3 + 5 . * A  A14  + 5 . * A A 1 5 + A A 1 6 + 5 •  *AA 1 7 ) ) GAS 1 1 2 0
E 7 = t . S GAS 11 30
TOTAL ENERGY PER CCMPCNENT OF GAS MIXTURE GAS 1 1 4 0
EN1 =E1 GAS 1 1 5 0
EN2 =ET GAS 1 1 6 0
E N 3 = E 3 + 2 9 5 C 0 * / T GAS 1 1 7 0
E N 4 = E 4 + 5 6 6 Q 0 . / T GAS 1 1 8 0
E N 5 = E 5 + 1 8 7 5 0 Q . / T GAS 1 1 9 0
E N 6 = E 6 + 2 2 5 4 0 0 .  / T GAS 1 2 0 0
E N 7 = E 7 GAS 1 2 1 0
LOGS OF P A R T I T I O N  FUNCTI ONS GAS 1 2 2 0
TL 1 = AL0G{  T ) * 3 .  5 GAS 1 2 3 0
T L 2 = A L 0 G ( T ) * 2 . 5 GAS 1 2 4 0
E O 1 = T L 1 + . 1 1 + AL OG( C3 . + 2 . * AA 1 + A A 2 ) / ( 1 . —I 1 . 9 / A A 3 ) )  ) GAS 1 2 5 0
EQ 2 - T L 1 - * 4 2 - A L Q G ( ( l . - ( 1 . 0 / A A 4 )  ) > GAS 1 2 6 0
E G 3 = T L 2 + . 5 + A L O G ( ( 5 . + 3 . * A A 5 + A A 6 + 5 * * A A 7 + A A 8  ) > GAS 1 2 7 0
E 0 4  = T L 2 + . 3  + ALOG( 1 4 . + 1 0 . + A A 9 + 6 . + AA10  > » GAS 12  8 0
EQ5 = T L 2 + . 5 + A L O G ( ( 4 ,  + 1 0 . * A A 11 + 6 . *AA1 2 ) ) GAS 129C
E Q 6 = T 1 _ 2 + .  3+ALOGI (1 • +3 • *  AA 1 3 + 5  • # A A1 4 + 5 *  *  AA 1 5 + AA 1 6 + 5 . ^AA 1 7 )  ) GAS 1 3 0 0
E 0  7 =  TL 2 — 1 4 . 2 4 GAS 1 3 1 0
E Q U I LI B R I U M  CONSTANS FOR CHEMICAL REACTIONS GAS 1 3 2 0
EK 1 = —5 9 0 0 9 . / T + 2 . * E C 3 —EQ1 GAS 1 3 3 0
E K 2 = - l  1 3 2 0 0 . / T + 2 . * E Q 4 - E Q 2 GAS 1 3 4 0
E K 3 = — t 5 8 0 0  0 . / T + E Q 5 + E G 7 - E Q 3 GAS 1 3 5 0
£ K 4 = - 1 6 8 8 0 0 . / T + E Q 6 + E Q 7 —EQ4 GAS 1 3 6 0
CCC=—7 9 . 9 GAS 1 3 7 0
I F ( E K l . L E . C C C )  E K 1 =—7 9 . 9 GAS 1 3 8 0
I F I E K 2 . L E . C C C )  E K 2 = - 7 9 * 9 GAS 1 3 9 0
I F t E K 3 . L E . C C C )  E K 3 = - 7 9 . 9 GAS 1 4 0 0
I F ( E K 4 . L E *  C C C ) E K 4 = - 7 S * 9 GAS 1 4 1 8
X K 1 = E X P ( E K 1 ) GAS 1 4 2 0
X K 2 = E X P I E K 2 ) GAS 1 4 3 0
X K 3 = E X P ( E K 3 ) GAS 1 4  AC
X K 4 = E X P ( E K 4 ) GAS 1 4 5 0
XK 3 4  =* 2 * X K 3 + *  8 4 X K 4 GAS 1 4 6 0
EE 1 = ( - 0  * 8 + 1 • 6 4  + . 8 * ( 1 *  + { < 4 * * P ) / X K 1 ) ) ) * * 0 . 5 ) / ( 2 * * ( 1 . + 4 , 4 P / X K 1 ) ) GAS 14 7 0
E E 2 = < - 9 . 4 + { . 1 6 + 3 . 8 4 * ( l . + ( 4 . * P ) / ( X K 2 ) ) > * * 0 * 5 ) / ( 2 . M  1 * + 4  * 7 P / X K  2 )  ) GA5 14 8 0
EE 3 =  l . / < <  1 . + P / X K 3 4 ) * 7 . 5 ) GAS 1 4 9 0
I F ( E E 1 * G T . . 1 9 9 9 9 ) EE1 = * 1 9 9 9 9 GAS 1 5 0 0
I F ( E E 2 * G T . * 7 9 9 9 9 ) E E 2  = * 7 9 9 9 9 GAS 1 5  1C
I F ( E E 3  , G T . * 9 9 9 9 9 ) EE3  = . 9 9 9 9 9 GAS 1 5 2 0
COMPRESS I 8 I L I T Y  <Z> D I ME N S I G N L E S S GAS 1 5 3 0
Z= l .  + E E 1 + E E 2 + 2 * * E F 3 GAS 1 5 4 0
COMPONENT MOL FR ACTI ONS  IN AIR GAS 1 5 5 0
X I = ( *  2 —EE 1 > / Z GAS 1 5 6 0
X2 = ( * 8 - E E 2 \ / Z GAS 1 5 7 0
X 3 = ( 2 • 7 E E 1 —« 4 * E E 3 ) / Z GAS 1 5 8 0
X4 = ( 2* *EE 2 —1 * 6 4 E E 3 )  2Z GAS 1 5 9 0
X 5 =  . 4 + E E 3 / Z GAS 1 6 0 0
X 6 =  1 . 6 4 E E 3 / 2 GAS 1 6 1 0
X 7 -  2 * * E E 3 / Z GAS 1 6 2 0
I F ( X 1 *LE* 0 . )  X l  = l * E  —2 9 GAS 1 6 3 0
I F ( X 2 . L E *  0*  ) X 2 = 1 * E—2 0 GAS 1 6 4 0
I F ( X 3*  LE• 0 * )  X 3 = l * E - 2 0 GAS 1 6 5 0
I F ( X4 * L E * 0 * )  X 4 = 1 . E - 2 C GAS 1 6 6 0
I F ( X 5 . L E . 9 * )  X E = 1* E —2 0 GA5 1 6 7 0
I F { X 6 * L E * 0 * )  X 6 = 1 . E - 2 C GAS 1 6 8 0
IF ( X 7 * L E *  9*  ) X 7 =  1 * E —2  0 GAS 1 6 9 0
ENERGY PER MOL OF I N I T I A L L Y  U N D I S S O C I  ATEO A I R - D I  MENSI ONLESS GAS 1 7 0 0
ER= Z * ( X 1 * E N  1 + X 2 * E  N2 + X 3 * E N 3  + X4 7 E N 4  + X5 + E N5  + X 6 * E N  6 + X 7 7 E N 7 ) GAS 1 7 1 0
ENTHALPY PER I N I T I A L  MCL OF A I R - D I M E N S  I CN L E S S GAS 1 7 2 0
HR=ER+Z GAS 1 7 3 0
ENTHALPY PER I N I T I A L  MCL OF AI R ( H ) IN S T U / L B GAS 1 7 4 0
H = H R * T * . 1 2 3 4 8 GAS 1 7 5 0
1B
6
I F ( K O D E # L T . N E T A )  GO TO 1 0 0 C GAS 1 7 6 0
HRATO=* 5 * ( H - H D I / H GAS 1 7 7 0
AHR = A B S (  HRATO ) GAS 1 7 8 0
IF ( A HR « L E •  0 . 0 9 1 C )  GO TO 9 9 9 GAS 1 7 0 0
I F ( I TER * G T i  1 )  GO TO 2 C 3 GAS 1 8 0  0
TP = T GAS 1 8 1 0
h p =h r a t o GAS 1 8 2 0
T =  T *< 1 .  -  HRATO ) GAS 1 8 3 0
I F ( I TER * LT*  1 5 )  GC TC 9C0 GAS 1 8 4 0
2 0 3 CONTINUE GAS 1 3 5 0
T S = T * ( 1 . 0 - H R A T O ) GAS 1 8 6 0
I F ( H R A T 0 * H P  • L T . O . G )  T S = . 5 * [ T + T P ) GAS 1 8 7 0
TP =T GAS 188C
T=TS GAS 1 8 9 0
HP =H RA TO GAS 1 9 0 0
I F ( I T E R  « L T »  1 5 }  GO TO 90C GAS 1 9 1 0
WRITE!  6 * 2 0 0  T , H , H T GAS 1 9 2 0
2-^C FORMAT! 39H1TEMFERATURE- ENTHALPY DI D NOT CONVERGE / 3 E 1 5 . 6 ) GAS 1 9 3 0
C CALL O U T P U T ! 4 ) GAS 1 9 4 0
STOP GAS 1 9 5 0
9 9 9 CONTINUE GAS 1 9 6 0
TO = T GAS 1 9 7 0
C GAS 19 8 COco
CONTINUE GAS 1 9 9 0
C ENTROPY PER I N I T I A L  MOL CF A I R - D I M E N S I G N L E S S GAS 2 0 0 0
D 1 = E Q 1 +E 1 + t • GAS 2 0 1 0
D 2 = E Q 2 + E T +  1 , GAS 20  20
O 3  =E Q 3 +E 3+- 1 * GAS 20  30
D 4 = E 0 4 + E 4 + ! • GAS 2 0 4 0
D 5 = E 0 5 + E 5 + 1 . GAS 2 0  5 0
D 6 = E Q 6 + E 6 + 1 . GAS 2 0 6 0
D 7 = E 0 7 + E 7 + 1 . GAS 2 0 7 0
C TOTAL ENTROPY GAS 2 0 8 0
S R = Z * ( X 1 * D H - X 2 * D 2 + X 3 * D 3 + X 4 * D 4 + X 5 * D 5 + X 6 * D 6 + X 7 * D 7  ) - Z * C X 1 + A L O G ! X 1 ) + GAS" 2 0 9 0
1 X 2 + A L O G ! X 2 J + X 3 + A L 0 G ! X 3 ) + X 4 * A L 0 G ! X 4 ) + X 5 * A L O G  C X 5 ) +X6  + A L 0 G ! X 6 I + X 7 + GAS 2 1 0 0
2A
L
O
G
(X 
7)
) 
— 
Z*
 
A
L
O
G
(
P
) 
GA
S 
2
1
1
0
EN
TR
O
PY
 
PE
R 
IN
IT
IA
L
 
MC
L 
OF
 
AI
R (
S)
 
IN
 
B
T
U
/L
B
-D
E
G
 
P 
GA
S 
2
1
2
0
S 
=
5
R
*
0
.0
6
e6
 
GA
S 
2
1
3
0
SP
E
C
IF
IC
 
HE
AT
 
AT
 
C
O
N
ST
A
N
T 
V
O
LU
M
E-
C
V
 
GA
S 
2
1
4
0
188
c r? o c o c o C
in *0 N a: O' o A ftl
H a •H A ftl ftj ftl
cu fti ftj ftl ftl ftl ftj ftl
in in in in in in in in
4 4 4 < 4 < < <
13 13 o 13 13 o 13 13
* <
* <r
a *
f4 •
IL n A
U- + A
s • oA in •■4
fti •a <
4 <
w A* *
CM CO a
< <
4 * +
+ <n O'•“4 < 4
< a # <
* A. aor4 CJ 4 •
< # < o
< A- * + H
■It A A. N +
CJ A 4 •
w ■# A *W * ftl ft- WW < < VW A * * *■*■
1 O' A ft- OA ftj 4
4 4 <
u. tt 1 * *
U. O' • • o
\ *■4 A in4 W + A <
IV) 1 V <0 • #
4 • A < ftl n
•li­ H A •» #
ft) ftl tO 4
< \ 4 < A <
* a . * ■K in ■w-
ft! O' • • ■< H ftl < A to
< < a < 1 +
+ * + PI O'
H • V in UJ <
< w X < -A «
* a A # V O'*»* a 4 in 1 4
4 < < A *
OJ -tt s # A O'
< A < iri ® <
< < PI 4 < < 4
+ 4 < # < 4 * *A * tl HI * + • cv
4 • PI ft! • ft o #
< ftl 4 • pi < p4 *
# * A* < w A
• in V Vpt* U’
CM+ fti + + • + •
+ in • in in in in ■-H• • . . • • + • 1
PI ft! a m A tl) A <r
11 tl + 11 II < II UJ
a-4 A ftl P) < d w
il > ■ > > + > w
u. u ftj u o in O 1A H
o C' c o c o O o o o C' c
ft) d in to N co O' f t H ftj P) d
ftl ftl fti ft) ftj ftj ftj n p i n n PI
ftl ftl cvi ftl ftl ftl ft) ftj ftl fti iM ftl
in in in in in in in in in in in in
< < < < < < < < < < < <
13 13 13 13 13 13 13 13 13 13 13 13
tO W
#*« A w
ftj < 1■>4 *
< to A
< A N
# < A
• < <
t0 + <
+ in d
v-d a
f t < in
< ■It +
in
* «a4
• < <
o * <
U1 +
+ in
• <
<i < <i
w # <
V •
A in •
ftl + in
A d +
< A d
# < A
ftl * <
d <
< *
< •
ftl * in
A d +
« A n
< < H
# < <
• # <
to • *
+ in a A A
+ m • A H PI d
H p) + A UJ UJ UJ
< A a Ul I 1 J
* < H » d N N
A * PI Ul UJ Ul
H P) V UJ d + +
< A A * a in to
* < ftl V) « ftl UJ LLj
A * # UJ ftl + + + d
A PI * > + 1- i- H y<T A A K S \ S u
< < h \ a a a *
# a < < < a <? o C' CC
a ftl # # > CJ CJ r - c a
r . * • P- A o fti CJ m +
A # P) A a a tr­ P) 0J CO P)
A < ft) Ul ot **4 in tO y
in < * c in A A u
+ • + d A A A *
U) •*# U) a A If) u Jf ■if * # cv
• 1 a in in a A 1- H l~ l~ aA m + • A S . 1- 1- H 1— II
11 UJ 11 A II X II II II 11 d
in A tC 1 N H A ftl P) d P)
> w > < to > A * i£ * y y
u J u * Ul u a u u U u uA A ftl <
13
a
_j
u
o c o c o C* O O o O c
in <0 p- ® cr o ftl n d in
p i n PI m n d d d d d d
fti fti ftj ftj w w ftl ftj ftl ftj fti
in in in in in in in in in in in
< < < < < < < 4 4 4 4
13 13 13 13 13 13 13 13 13 13 o
— «
— UJ 
A  UJ
UJ I 
UJ CO 
I a
in' d• a
— * * d<c • 
■
— \
a  a  ft! 
U  — UJ 
UJ UJ
a Ul j A
u 1 ftl
L ftl a *a *
Q ■a- P)
UJ It A UJ
a A ftj UJA A UJ 1
d D UJ UJ a
y O Ul + A
a UJ + ftl A
* a: a a *ai PI
a in W W UJ
Cj UJ •K ■u UJ
+ > i\j #
P) A UJ Ul d
1- k* i- H y P" UJ UJ PI a a
\- 1- p- 1- a 4 * ■N- y fti
+ + + + # > *4 ftj a UJ UJ
A ftl pj d w A y y * o a
y y y y a O' a a in 1 i
u u o u O Ul w w a II ii11 a n it II a a
ti it ii ii d a a a A N
fti pi d P) _( r l N pi X X
y y y y y 4 UJ Ul UJ N N
a a a a a A o o a c OHa
<
a  
u
D Z X 3 P = 2 .  * D E 1 P  -  . 4 * D E 3 P GAS 2 4 6 0
D Z X 4 P = 2 . * D E 2 P - 1 . 6 * D E 3 P GAS 2 4 7 0
0 Z X 5 P  = • 4 * 0 E 3 P GAS 2 4 8 0
D Z X 6 P = 1 . 6 * D E 3 P GAS 2 4 9 0
D Z X T P = 2 . *  DE3P GAS 2 5 0 0
EQUATION FOR S P E C I F I C  HEAT AT CONSTANT PRESSURE GAS 2 5 1 0
C P F = Z *  ( X I *  ( CV1 +1 • ) + X 2 * ( C V 2 + 1 .  ) + X3*  ( CV3 + 1  • ) + X 4 * (  CV4- H ■ ) + X 5 * {  CV 5 + 1  • GAS 2 5 2 0
1 ) + X 6 * ( C V 6 + 1 . > + X 7 * ( C V 7 + 1 . ) ) GAS 2 5 3 0
CPR = CPF +  T * ( D Z X 1 P * ( E M + 1 .  ) + D Z X 2 P * ( E N 2 + 1 .  ) +DZX 3P * ( EG AS 2 5 4 0
3 N 3  + 1 > ) + D Z X 4 P *  ( EN4  + 1 .  ) + D Z X 5 P *  ( E N 5 +  1 * ) +DZX 5 P *  ( EN6 +1 .  1 + D Z X 7 P *  ( EN7-M • ) GAS 2 5 5 0
4 ) GAS 2 5 6 0
CPF = CPR GAS 2 5 7 0
S P E C I F I C  HEAT AT CONSTANT PRESSURE ( C P )  IN B T U / L B - DEG R GAS 2 5 8 0
CP =C PR * • 0 6 8 5 GAS 2 5 9 C
CPF = C P F * *  0 6 8 6 GAS 2 6 0 0
D E N S I T Y  ( D E N )  I N  L B / F T * * 3 GAS 2 6 1 0
D E N = 2 2 . 0  3 7 0 3 * P / ( Z * T ) GAS 2 6 2 0
★♦TRANSPORT P R O P E R T I E S * * GAS 2 6 3 0
C O L L I S I O N  CROSS S ECTI ONS GAS 2 6 4 0
S 2 = 3  1 . 4 * 1 . E - 1 6 * ( 1 • + ( 1 1 2 . / T )  ) GAS 2 6 5 0
S I 2 = ( S 2 / 3 . 1 4 1 5 9 2 7 ) * * . 5 GAS 2 6 6 0
S I  4= ( 1 .  U 6 7 6 - U  01 4 9 C *  ALOG (1 • -  ( 1 . - A 2 3  ) * * . S ) ) - ( . 2 3 6 5 4 *  ALOG GAS 2 6 7 0
1 (  1 •  — C I . - A 2 4 ) * * . 5 ) ) - ( • 1 1 5 8 2 *  ALOG( 1 • - ( 1  * - A 2 5 ) * * • 5 ) ) ) *  1 •  0  E -  B GAS 2 6 8 0
S 4 = 3 . 1 4 1 5 9 2 7 * ( S I 4 ) * * 2 GAS 2 6 9 0
S I  2 4  = ( - S I 2 + S I  4 ) / 2 . GAS 2 7 0 0
S 2 4 = 3 .  1 4 1 5 9 2 7 * ( SI 2 4 ) * * 2 GAS 2 7 1 0
S 4 7 =  9 # 4 0 * 1 . O E - 1 4 / T S Q R T GAS 2 7 2 0
F I = A  LOG( 1 . 0  4 2 * 1 , 0 E - 7 * T S Q * { P * X 7  ) * * ( - . 5 )  ) GAS 2 7  30
S 7 = 8 . 5 5 6 4 4 * 1 • OE—6 * ( l . / T S Q ) + F I GAS 2 7 4 0
S I P 4 = ( 1 . 1 1 6 7  6 - ( . 0 1 4 9 * A L O G ( 1 • - ( 1 . - 2 , * A 2 3 ) * * • 5 ) ) - ■( •  2 3 6 5 4  * ALOG < ! . - {  1 •  GAS 2 7 5 0
1 - 2 . * A 2 4 ) * * .  5 ) ) - ( • 1 1 5 8 2 *  ALOG( 1 . - ( 1 • - 2 * * A 2 5 ) * * * 5 ) ) > * 1 . 0 E - 8 GAS 2 7 6 0
S P 4 = 3 .  1 4 5 9 2 7 * ( S I P 4 ) * * 2 GAS 2 7 7 0
S I P 2  4 = ( S I 2 F S I P 4 ) / 2 * GAS 2 7 8 0
SP 2 4  = 3 * 1 4 5 9 2  7*  S I P 2 4 * * 2 GAS 2 7 9 0
COMPONENT MOL F RACTI ONS  FOR INDEPENDENT REACTIONS GAS 280C
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V R O D  = V  1 0 0 +  V 2 0 D  ■!- V 3 0 D G A S 3 1 6 0
V R N D = V 2 N D + V 3 N D + V 4 N D G A S 3 1  7 0
V R I = V 4 I + V 6 I + V 7 I G A S 3 1 8 0
F 4 - E E 2 / ( . 2 - E E 1 + E E 2 ) G A S 3 1 9 0
F 5 = 2 . * E E 3 / ( * 6 —E E 2 + 2 # * E E 3 ) G A S 3 2 0 0
V R = V R Q D + ( F 4 4  ( V R N D  — V R O D ) )  +  ( F  5 * ( V R I —V R N O  > ) G A S 3 2 1 0
T O T A L  V I S C O S I T Y  I V )  I N  L B / F T - S E C G A S 3 2 2 0
V = V R 4 , 9 S 4 1  e 3 0 * t . O E - 6 * T S Q R T / (  I  a  +  A 2 2  1 G A S 3 2 3 0
C O N D U C T I V I T Y  D U E  T C  M O L E C U L A R  C O L L I  S I G N S  F O R  D I F F E R E N T  R E A C T I O N S G A S 3 2 4 0
G l = *  2 1 0 5  2 6 3 4 C V l + a 4 7 3 6 8 4  2 G A S 3 2 5 0
G 2 = . 2 1 0 5 2 6 3 4 C V 2 + .  4  7 3 6 8  4 2 G A S 3 2 6 0
G 3 = *  2 1 0 5 2 6 3 4 C V 3  +  . 4 7 3 6 8 4  2 G A S 3 2 7 0
G 4 = « 2 1 0 5 3 6 3 4 C V 4 + , 4 7 3 6 8 4 2 G A S 3 2 8 0
G 5 = • 2 1 3 5 3 6  3 4 C V 6 + *  4 7 3 6 8 4 2 G A S 3 2 9 0
G 6 —• 2 1 2 5 3 6 3 * C V 7 + a  4 7 3 6 8 4 2 G A S 3 3 0  0
X K N O D = ( V 1 0 D * , 9 4 G 1 > + ( V 2 0 D 4 1 . 0 2 8 5 7 1 4 G 2 ) + ( V 3 O D 4 1 * 8  4 G 3 ) G A S 3 3 1 0
X K N N D = ( V 2 N D 4 1 * 0 2 8 5 7 1 4 G 2 ) +  ( V 3 N 0 * l a 8 * G 3 ) + ( V 4 N 0 4  2 * 0 5  7 1 4  3  4 G 4 ) G A S 3 3 2 C
X K N I = ( V 4 I 4  2 # 0 5  7 1 4  3 4 G 4 )  +  ( V 6 I  4 2 . 0 5 7 1 4 3 4 G 5 ) + ( V 7 I  4 5 2 4 1 6 a 0 4 G 6 ) G A S 3 3 3 0
X K N =  X K N O D + ( F 4 4 ( X K N N D - X K N C D J  ) + ( F 5 4 ( X K N I - X K N N D ) ) G A S 3 3 4 0
C O N D U C T I V I T Y  D U E  T O  C H E C M I C A L  R E A C T I O N S  F O R  T H E  D I F F E R E N T  R E A C T I O N S G A S 3 3 5 0
X K R O D = ( a l 7 8 6 3 7  4 ( T 4 P K 1 ) 4 4 2 ) / ( ( S P 2 4 / ( 1 * 7 3  2 9 5 1 4 S 2 ) ) 4 ( ( ( X 3 0 D + 2 * 4 X 1 O D ) G A S 3 3 6 0
1 4 4 2 ) / { X 3 0 D 4 X 1 0 D ) + ( 4 » 4 X 2 C D / X 3 0 D ) ) + ( X 2 0 D / (  l a  4 1 4 2 1 4 4 X 1 O D ) ) ) G A S 3 3 7 0
X K R N D  =  I  a  1 7 0 6 3 7 4 ( T 4 P K 2 ) 4 4 2 ) / { ( S P 2 4 / ( 1 . 7 3  2 0 5 1 4 S 2 )  ) 4 ( ( ( ( X 4 N 0 + 2 a 4 X 2 N D  ) G A S 3 3 8 0
1 4 4  2  ) /  { X 4 N D 4 X 2 N D ) )  +  (  X 3 N D / X 2 N D ) 1  + t S P 4 * 2 . 4 X 3 N D / ( S 2 4 X 4 N D ) ) ) G A S 3 3 9 0
X K R 1 = ( . 1 7 8  6 3  7 4 (  T 4 P K 3 4 ) 4 4 2 ) / ( ( < • 5 4 S P 4 / S 2 ) + ( a  4 3 4 7 8 2 6 4 1 . 0 E - 2 4 S 4 7 / 5 2 )  > G A S 3 4 0 0
1 4 ( ( X 4 I + X 6 I > 4 4 2 ) / ( X 4 I 4 X 6 I ) ) G A S 3 4 1 0
X K O D = X K N O D + X K R O D G A S 3 4 2 0
X K  N D  = X K N N D + X K R N O G A S 3 4 3 0
X K I = X K N I + X K R 1 G A S 3 4 4 0
X K R = X K 0 D + ( F 4 4 ( X K N D - X K O D ) ) + ( F 5 4 < X K I - X K N D ) ) G A S 3 4 5 0
T O T A L  T H E R M A L  C O N D U C T I V I T Y  ( X K )  I N .  B T U / F T - S E C —D E G  R G A S 3 4 6 0
X K = X K R 4 ( l a  3 2 0 6 5 2 2 4 1 . 0 E - 6 4 T S Q R T ) / { 1 . + A 2 2 )  ) G A S 3 4 7 0
P R A N D T L  N U M B E R  ( P R )  D I  M E N S I O N L E S S G A S 3 4 8 0
P R N  =  * 2 1 0  5 2  6 3  4  C P R  4 V R  /  X K R GAS 3 4 9 0
I F  (  I * E Q a  I  ) P R  W =  P R N G A S 3 5 0 0
c FORM REQUIRED BY CALL STATEMENT GAS 3 5 1 0
c GAS 3 5 2 0
c * *  RHQ U N I T S  S L U G S / F T * * 3 GAS 3 5 3 0
c * *  MU U N I T S  L B M / F T - S E C GAS 3 5 4 0
c * *  RM U N I T S  L B F * * 2  S E C * * 3 / F T * * 6 GAS 3 5 5 0
c GAS 3 5 6 0
M U ( I ) = V GAS 3 5 7 0
RHO( I 1 = D E N / 3 2 *  I 7 4 GAS 3 5 8 0
RM( I ) = R H Q ( I ) *MU { I J / 3 2 . 1 7 4 GAS 3 5 0 0
AKI I ) = XK GAS 3 6 0 0
CP T ( I ) = CPF GAS 3 6 1 0
c * *  # CALCULATE THE MEAN MOLECULAR WT* GAS 3 6 2 C
REAL = 2 5 0 5 Q * * S  * 7  /  SR GAS 3 6 3 0
AMW( I ) =  GA SC /  REAL GA 5 3 6 4 0
c MASS FRACTI ONS GAS 3 6 5 0
C ( l - I )  =  XI  * 3 2 . 0 0 / A M * ( I ) GAS 3 6 6 0
C ( 2 » I ) = X 2 * 2 8 * 0 0 / A M V i <  I ) GAS 3 6 7 0
C ( 3 ,  I )  = X 3 *1 6 . 0 0 / A M V H  I ) GAS 3 6 8 0
C t 4 . I I  = X 4  * 1 4 . O G / A M W t I > GAS 3 6 9 0
C(  6 .  I ) = X6  * 1 4 . 0 C / A M » i ( I ) GAS 3 7 0 0
C I S ,  I )  = X5  *1 6 *  OO/ AMM I ) GAS 3 7 1 0
C ( 7  » I ) = X 7  / ( I  8 2 0 *  * A M W ( I ) ) GAS 3 7 2 0
c S P E C I E S  ENTHALPY PER I N I T I A L  MCLE OF AI R IN H T U / L B  OF I GAS 3 7 3 0
HS ( 1 * 1 )  = { Z*X 1 * E M  / C  ( 1 * 1 )  + Z)  + T * « 1  2 3 4 S GAS 3 7 4 0
H S I 2 . I )  =  ( Z * X 2 * E N 2 / C ( 2 , I > +  Z ) A T * .  1 2 3 4 8 GAS 3 7 5 0
H S ( 3 * 1 )  = ( Z * X 3 * E N 3 / C ( 3 . I >  + Z ) * T * . 1 2 3 4 8 GA5 3 7 6 0
H S ( 4 * 1 )  = ( Z * X 4 * E N 4 / C ( 4 . I )  + Z ) * T * . 1 2 3 4 8 GAS 3 7 7 0
H S ( 5 * 1 )  = { Z * X 5 * E N 5 / C ( 5 . I > + Z ) * T * . 1 2 3 4 8 GAS 3 7 8 0
H S ( 6  » I ) = ( Z * X 6 * E N 6 / C ( 6 . 1  1 + Z ) * T * , 1 2 3 4 8 GAS 3 7 9 0
H S ( 7 * 1 )  = ( Z * X 7 * E N 7 / C ( 7 , I )  + Z J + T * . 1 2 3 4 8 GAS 3 8 0 0
2 C 0 0 CONTINUE GAS 3 8 1 0
MUDZ = MUtNETA) GAS 3 8 2 0
RDZ= RHO( NETA) GAS 3 8 3 0
RMDZ = RM(NETA) GAS 3840
c GAS 3 8 5 0
vo
to
no
 
o 
n
o
n
DO 4 0  I = K O D E i NET A
* *  NONDI ME NS I O NA L I 2 E  RHO AND MU
RHO( I ) 
MU ( I  )
r m ( h
AKC I )  
CP T(  I )  
NONDI MENSl  
H S { 1 * 1  
H S ( 2 * 1  
H S ( 3 * 1  
H S ( 4 , 1  
H S ( 5  » I 
H S ( 6  » I 
H S < 7 , I
= RHO( I > / R DZ  
= M U ( I > / M U D Z  
= R M ( I ) /RMDZ  
= A K ( I > *  AKNF 
= C P T d  ) * C P N F  
ONAL S P E C I E S  ENTHALPY 
= H S ( l i I ) * H N F  
= H S ( 2 , I ) * H N F  
= H S ( 3  * I ) * H N F  
= H S C A , I ) * H N F  
= H S ( 5  t I ) *HNF  
= HS t 6 t I ) *HNF  
= H S ( 7 , I ) * H N F
4 0  CONTINUE  
1 0 0  FQRMATC1 X , 9 E 1 4 ,  
RETURN 
END
6 )
GAS 3 8 6 0  
GAS 3 8 7 0  
GAS 3 8 8 0  
GAS 3 8 9 0  
GAS 3 9 0 0  
GAS 3 9 1 C  
GAS 3 9 2 0  
GAS 3 9 3 0  
GAS 3 9 4 0  
GAS 3 9 5 0  
GAS 3 9 8 0  
GAS 3 9 7 0  
GAS 3 9 8 0  
GAS 3 9 9 0  
GAS 4 0 0 0  
GAS 4 0 1 0  
GAS 4 0 2 0  
GAS 4 0 3 0  
GAS 4 0 4 0  
GAS 4 0 5 0  
GAS 4 0  6 0  
GAS 4 0 7 0  
GAS 4 0  8 0  
GAS 4 0 9 0
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SUBROUTINE F G2  (Y , R H C A , T N , K ) FG2 10
c ------ -----------ORDER OF S P E C I E S  I SO FG2 2 0
c CO C C2 C3  C+ C2H CN FG2 3C
c 1 2 3 4  5 6 7 FG2 40
c HCN 1H2 H N2 N N + 0 FG2 5 0
c 8 9 10 11 1 2 1 3 1 4 FG2 6 0
c 0  + E - C2 H2 C3H C4H F G2 7 0
c 15 1 6 1 7 1 8  1 9 FG2 8 0
CO MMON/FOG/A I I , 8  ,  C , T FG2 9 0
DI MENSI ON Y( 1 9 )  * T 1 ( 5  > F G2 1 0 0
DIMENS ION R H O ( 2 )  , 0 K ( 1 6 , 2 > , P L ( 1 6  , 1 0 ) ,  R A T E S ( 3 , 15 ) , E Q K { 1 6 ) F G2 1 10
DATA R / 8 2 . 0 5 / F G2 1 2 0
DATA R A T E S / F G2 1 30
1 • 4  3 5 2 5  5 7E 0 2  . • 5 C 0 C 0 0 C E 0 0  , .  3 5 7 2 8 4 8 E 0 5 , . 2 6 8 3 2 5 1 E 0 2 , FG2 1 4 0
2  . b o o o o o o e 0 0  « • 1 7 6 1 2 6 3 E 0 5 , . 4 8 3 5 * 2 9 8 0 2 , - . 1 5 C0 C C 0 E 0 1 . F G2 1 5 0
2 . 1 1  2 1 7 3 8 E 0 6 , . 4 2 7 2 7 4 7 E 0 2  . —. 8 2 0 0 0 0 0 E 0 0  , . 5 1 9 3 2 1  IE C 5 , F G2 1 6 0
4 • 2 8 6 6 0 6 4 E 0 2 , • 5 0 0 C O C G E 0 0  , . 1 5 7 5 0 7 3 5 0 6 , • 2 8 7 C 6 0 2 E 0 2 , FG2 1 7 0
5  .SO^OOOOE 0 0 , • 1 6 7 5 7 1 6 E 0 6 , • 4 6 8 4 0 1 6 E 0 2  , - . 1 0 C 0 0 0 C E 0 1 , FG2 1 8 0
6  • 6 6 2 2 4  I 4 E 0 5 . . 4 3  5 7 4 7 6 E 0 2  , . 5 0 0 0 0 0 0  E o o , . 6 0  3 3 6 1 7 E 0 5 , F G2 1 9 0
7 . 4 3  6 9 7  82E 0 2 , •5CCOOOOE 0 0  , • 7 0 4 5 0 5 3 E 0 5  , . 4  3 6 9 7 8 2 E 0 2 , F G2 2 0 0
e . s o c o c o o e 0 0  , . 5 8 8 7 6 S 2 E 0 5  , . A 5 8 3 9 1 8 E 0 2  , - .  lOCOCOOE 0 1 , FG2 2 1 0
<3 . 1 2 C 7 7 9 Q E 0 6 , . 4 3 7 4 9 1 2E 0 2  , •  5 0 0 0  0 0 0  E OC, • 9 5 6 1 1 4 4 E 0 5 , F G2 2 2 0
A . 4 3  6 7 6 5 5 E 3 2 , •  5 0  OC DC OE 0 0  , . 7 7 9 9 8 8 0  E 0 5 , • 4 3 6 8 7 2 4 E 0 2 , F G 2 2 3 0
i  . e o c o o o o e 0 0 , •  1 3 3 3 5 2 8E 0 6  , . 4 3 6 9 7 3 2 E 0 2 , • 5 0 n o o o n E CO, FG2 2 4 0
2 . 6 3 0 3 0 9 8E 3 5  , . 4  3 6 9 7 3 2  E 0 2  , .  5 0  C 0 0  0 O E 0 0  , . 7  2 9 6 6 6 2 E 0 5 / F G2 2 5 0
DI MENSI ON E l ( 9 5 )  . E 2 ( 5 5 )  , E 3 ( 3 4 )  , E (  1 6 , 7 . 2  ) F G2 2 6 0
EQUIVALENCE (E ( 1 . 1 , 1 ) , E i  ( 1 ) ) FG2 2 7 0
DATA E l / F G2 2 8 0
1 0 . 3 5 3  OE 0 0 . 0 . 1 S 1 6 E  0 1 ,  0 . 1 7 2 7 E 0 1 ,  0 . 1 6 4 2 E 0 1 , 0 . 2 3 2  IE 0 1 , F G2 2 9 0
2  0 . 2 7 5 3 E  0 1 , 0 . 1 6  7 5 E  0 1 . 0 . 2 2 S 7 E 01 ,  0 . 3 4 5 8  E 01 . 0 . 2 0 9 4 E  0 1 , FG2 3 0 0
3  0 . 2 C 2 8 E  0 1 . 0 .  3 0 5 3 E  0 1 ,  0 . 7 8 1 0  E OC . 0 • 2 4 9 7  E 01 , 0 . 2 1 3 2 E  0 1 , F G2 3 1 0
4 0 . 7 0 3 C E  0 0 , — C . 7 6 8 1 E —0 3 , - 0 . 3 5 7  I E - 0 2 , - 0 • 8 0 5 9 E - 0 3 , - 0 . 2 8 1 0 E - 0 3 , FG2 3 2 0
5  0 . 2  2 5 0 E —0 3» - 0 . 3  7 2 6 E - 0 3 , - 0 . 6 0 1 7 E - 0 3 , - 0 • 2 9 5 5 E - 0 2 . - 0 . 3 8 5 2 E - 0 2 , F G 2 3 3 0
6 - 0 . 2 1 S 5 E - 0 2 , —0 . 1 3 7 0 E —0 2 0 . 4 0 3 2 E —0 2 , - 0 .  1 1 7 5 E - - 0 3 , 0 . 6 4 0 4 E - 0 4 , F G2 3 4 0
7 - 0 . 2 8 4 0 E - 0 2 , - 0 . 1 4 0 6 E - 0 2 ,  0 . 5 1 5  3 E —0 6 ,  0 .  1 6 3 4 E - 0 5 , 0 . 1 3 4 4 E - 0 6 , F G2 3 5 0
KD■P-
-I 
cri 
m
8 - 0 . 9 2 4 4 E - 0 7 , - 0 . 9 0 9 4 E - C 7 , 0 .  1 8 8 4  E—0 6 , —0 * 6 9 1 4 E —0 7 , 0 . 1 3 5 9 E - 0 5 , FG2 3 6 0
9  0 . 1 5 4 1 6 - 9 5 , 0 . 7 2 C 6 E - C 6 , 0  * 4 4 6 1 E—0 6 , 0 .  1 7 3 1 E —0 5 , - 0 . 8 4 6 C E - 0 7 , F G2 3 7 0
A— 0 . 5 0 1  I E - 0 7 , 0 .  1 1 3 8 E - C 5 , 0 . 5 7 3 5 E - 0 6 . —0 .  9 6  1 8  E— 10 , —0 • 2 7 8 3 E—0 9 , F G2 3 8 0
1 0 . 4 9 S 9 E - 1 1 , 0 . 2 9 1 4 6 —1 0 . 0 . 1 2 7 5 6 - 1 0 , —0 •  3 7 6  5  E— 10 , 0 . 3 9  9 6 E —1 0 , FG2 3 9 0
2 —C . 2 5 1 H E - 9 9 , - 0 . 2 4 9 2 E - 0 9 , - 0 . 1 C 6 7 E - 0 9 , - 0 . 5 6 2 2 6 - 1 0 , - 0 * 2 8 5 8 6 - 0 9 , F G2 4 0 0
3 0 . 2  E 5 4 E — 1 0 , 0 . 6 6 1 9 E - 1 1 , - 0 . 2 G 2 0 E - 0 9 , - 0 * 8 8 9 5 6 -  10 , 0 . 5 4 2 7  E—1 4 , F G2 4 1 0
4 0 . 1 6 1 7 E —1 3 , - 0 . 6 7  fi CE—I 5 , - 0 . 2 1 1 2 E - 1 4 , —0 • 5 0  5 6  E— 1 5 , 0 *  2 2 7  I E —1 4 , F G2 4 2 0
5 - 0 . 2 9 9  I E - 1 4 , 0 . 1 6 6 8 E - 1 3 , 0 . 1 4 0  6 E—1 3  , 0 . 5 7 3 5 6 - 1 4 , 0 . 2 4 3 6 6 - 1 4 , FG2 4 3 0
6  0 . 1 6 2 1 E - 1 3 , - 0 . 2 1 9 7 E - 1 4 , —0 . 2 2 7 1 E —1 5 , 0 * 1 3 3 5 E -  1 3 • 0 . 4 6 0 9 6 - 1 4 , FG2 4 4 0
7  0 . 3 4 6 5 6  0 5 , 0 * 1 3 2 9 6  0 5 , 0 . 1 1 3 2 E  0 6 , 0 . 5 1 9 6  E 0 5 , C . 1 5 6 C E  0 6 , F G2 4 5 0
8 C . 1 6 8 6 E  C6» C.  9 6  0 6 E  0 5 , 0 . 5 8 5 0 E  0 5 , 0  * 6 5 2 5  E 0 5 , 0 . 5 7 6 6 6  O S , FG 2 4 6 0
9  0 . 1 2 9  9 6  0 6 , 0 . S 9 C 6 E  C5 , 0 . 7 2 9 7 6  0 5 , 0 . 1 3 0 6 E  0 6 , 0 . 8 0 6 8 E  0 5 / FG2 4  7 0
E0 UIVALENCE ( E t 16 , 6 , 1  ) , E 2 ( I ) ) FG2 4 8 0
DATA E 2 / FG2 4 9 0
1 0 * 7  2 2 0 5  0 5 , 0 * 7 5  OOE —01 - 0 . 8 9 6 1 E  01 0 . 4 2 7 4 E  01 0 • 2 6 2 6 E  0 1 , FG2 5 0 0
2 — 0 . 1  1 9 1E 0 2 , — 0 •  12  3 8E 0 2 0 . 3 6 9 8 E  01 0 . 1 9 1 2 E 01 - 0 . 6 3 3 5 E  0 1 , FG2 S I C
3 0 . 3 6 7 1 E  0 1 , 0 . 3 7 7 3 E  Cl 0 . 1 0 3 4 E  0 1 C . 9 3 7 8 6  01 - 0 . 1 2 1 6 E  0 2 , F G2 5 2 0
4 0 . 5 4 6  16 0 1 , 0 . 1 1 6 2 E  0 2 - 0 . 9 1 C O E - 0 1 —0 » 1 8 5  2  E 01 0 . 1 7 6 5 E  0 1 , FG 2 5 3 0
5 0 . 4 5 0 5 E  0 1 , 0 , 2 9 0 4 6  0 1 0 . 2 2 6 1 E 0 1 0 . 1 4 1 4 6  01 0 . 3 7 5 3 E  0 1 , F G2 5 4 0
6  0 . 2 6 5 3 E  0 1 , 0 . 2 4 5 2 6  Cl 0 * 1 3 2 3 E  01 —0 * 1 5 9 6  E 0 2 0 . 2 5 6 0 E  0 0 , FG2 5  5 0
7  0 . 2 8 9 5 6  0 1 , 0*  3 4  G3E 01 0*  2 3 2 C E  OC 0 . 2 6 2 4 E —0 3 0 . 1 8 3  I E - 0 2 , FG2 5 6 0
8 - 0 * 1 2 5 3 E - 9 2 . - 0 . 4 0 1 8 E - 0 2 - 0 . 3 5 7 6 E —0 3 0 , 3  8 0 8  E— 0 3 - 0 . 8 0 2 7 E —3 3 , FG2 5  7 0
9 —0 • A4 8 6 E — 0 2 , - 9 . 2 1 8 7 E - 0 2 —0 . 2 3  3  2 E —0 2 - 0 . 5 4 0 3 E —0 3 0 .  1 8 4 C E - 0 1 , F G2 5 8G
A 0 . 1 5 9 I E —0 3 , - 0 . 3 2 3 4 6 - 0 3 - 0 . 4 9 8 1 F - 0 2 - 0 . 8 8 1 1 E—0 3 - C . 8 6 9 9 E - 0 9 , FG2 5 9 0
1—0 *  5 S 5 C E — 0 6 , 0 . 3 9 1 6 E - 0 6 C . 1 2 5 4  E—0 5 0 . 6 5 9 1 6 - 0 7 - 0 * 1 2 1 C E - 0 6 . F G 2 6 0 0
2 C * I 6 9  7 6 — 0 6 , 0 .  1 7 6  6 E— C5 0 * 6 6  3 8  E—0 6 0 . 6 9  3 0  E —0 6 0 . 1 6 8 8 E —0 6 , 6 G 2 6  10
3 —0 . 5 6 9 0 E —0 5 , - 0 .  3 9 7 C 6 - C 7 0 . 4 9  3 2 E —0 7 0 . 2 0 7 2 6 - 0 5 0 . 4 0 9 0 E - 0 6 , F G2 6 2 0
4 —0 * 5  4 4  1 E— 11 , 0 .  7 6 4  I E — 1 0 - 0 . 3 5 3 6 E - 1 0 - 0 .  1 5 9 2 E - 0 9 — 0 * 3  1 5 9 E —1 1 , FG2 6 3 0
5  0 *  10  7 0 E —1 0 , - 0 . 1 3 1 5 E - 1 0 —0 • 2 9 0  2 E —0 9 —0  •  8 2 7 7 E — 10 —0 . 8 4  2 8 E —1 0 , FG2 6 4 0
6 - C . 1 8 5 9 E - 1 0 , 0 . 6 8 4 1 E - 0 9 0 . 2 5 4 2 E - 1 1 - 0 . 2 5 7 9 E - 1 1 —0 . 3 5  8 8 E —0 9 , F G2 6 5 0
7 —0 .  6  8 4  CE— 1 0 , 0 . 2 1 OOE — 1 5 —0 . 3 4 1 7  E—1 4 0 .  1 0 0 3 E - 1 4 0 . 7 0 1 3 E - 1 4 , F G2 6 6 0
8 0 . 2 8 1 3 E - 1 6 , —0 . 3 0 3 2 E —1 5 0 . 3 8 3 1 E - 1 5 0 .  1 7 6 8 E - 1 3 0 * 3 5 9 6 E —1 4 , F G2 6 7 0
9  0 . 3 6 3 0 E —1 4 , 0 . 5 9 3 I E —1 5 —0 . 2 R 4 2 E —13 0 • 2 9 2 0  E—17 0 . 2 3 8 1 6 - 1 6 / F G2 6 8 0
EQUIVALENCE CE( 1 5 , 5 , 2 )  , E 3 t  1 ) ) FG2 6 9 0
DATA 6  3 / FG2 7 0 0
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1 0 * 2 2 3 4 E - 1 3 .  0 * 3 6 9 4E —1 4 *  0 . 4 1 6 0 E  0 5 * 0 - 1 3 2 9 E  0 5 ,  0 . 1 1 3 2 E 0 6 , FG2 7 1 0
2 0 . 5 1 9 6 E  O S .  0 * 1 5 8 0 E  0 6 .  Q * 1 6 8 6 E  0 6 , 0 * 8 7 3 1 5  OS ,  0 *  6 5 2 5 E 0 5 , F G2 7 2 0
2 0 • 6 E 2 EE 0 5 ,  0 . 5 7 6 6 E  0 5 ,  0 . 1 2 3 9 E  0 6 , 0 * 8 9 0 6  E 0 5 .  0 . 7 2 9 7 E 0 5 , FG 2 73C
4  0 . 1 3 0 6 E  0 6 ,  0 . 8 0 6 8 E  0 5 ,  C . 7 2 2 0 E  0 5 , 0 *  2 0 6 6 E  01 ,  0 * 1 1 2 6 E 0 2 , FG2 7 4 0
5  0 •  4 4 5 0 E  01  ,  — 1 3 4 BE C 2 . - 0 . 1 5 3 3 E  0 2 , - 0 • 1 0 0 0  E 0 2 ,  0  * 5  5 9  4E 0 1 . F G 2 7 5 0
6 - C . 6 8 1 9 E  0 1 , —0 • 2 2 2 0 E  0 1 ,  0 . 1 5 0 4 E  0 1 , 0 . 7 6 6 C E  0 1 ,  0 . 1 1 0 1 E 0 3 , FG2 7 6 0
7  C . 1 2 6 6 E  C 2 . - 0 . 1 4 8 1 E  C 2 , - 0 * 1 8 3 1 E  C l . 0 * 1 4 3 5  E 0 2 / FG2 7 7 0
RHfl A= D E N S I T Y  ( L 6 M / F T 3 ) FG2 7 3 0
RH08  = * 0 3 1 0 8 5  + RH0 A FG2 7 9 0
RHO( 1 ) = * 5 1 5 3 6 2 * R H C B FG2 8 0 0
RHO( 2 ) =RHQ( 1 ) * R H Q ( 1) FG2 8 1 0
X = 0 . F G 2 8 2 0
DO 6  1 = 1 ,  19 FG2 8 3 0
r X = X + Y ( I ) FG2 8 4 C
I F ( A B S ( { TN—T ) / T N ) —* C C C 1 ) 2 0 , 2 0 . 1 0 F G2 BSC
' T = TN F G 2 8 6 0
T i l l )  = T F G2 8 7 0
D O 1 2 M = 2 , 4 FG2 8 8 0
! T l ( M  ) = T i t  1 ) * T 1 ( M - l ) F G2 8 9 0
T l ( 5 )  = ALOG( T 1 ( 1 ) ) F G2 9 0 0
RT = R*T F G2 9 1 0
L = 1 FG 2 9 2 0
IF ( T i t  1 ) , S T ,  fiOr'C. ) L =2 F G2 9 3 0
DO 1 8  1 = 1 ,  1 6 FG2 9 4 0
QK( I , 1 ) = T * * R A T E S ( 2 , I  ) *  E X P t R A T E S t 1 , I ) - RA TE S  1 3 , I ) / T  ) F G2 9 5 0
OK( 1 , 2 )  = EC I . 1 , L ) * ( I . - T l ( 5 )  > -E  ( I , 2 , L ) * T 1 ( 1  ) / 2 * - E {  I , 3 , L ) * T 1 ( 2 ) / 6 * FG2 9 6 0
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PL ( 1 6 » 5 )  = QKt 1 6 . 1 ) * R H O t 1 > * Y t 1 9 ) FG2 1 7 6 0
PL t 16 ,  10 )  = QKt 1 6 . 2 > * « H C t 2 ) * Y t 1 8 ) * Y t  2 ) FG2 1 7 7 0
GO TO ( 31 . 3 2 . 3 3 . 3 4 , 3 5 , 3 6 , 3 7 , 3  8 , 3 9 , 4 0 , 4 1 , 4 2 , 4 3 , 4 4 , 4 5 , 4 6 , 4 7 , 4 0 , 4 9 )  ,1KFG2 1 7 8 0
3 1 AA = P L t  1 1 , 1 0 )  -  F Lt  1 1 , 5 ) F G2 1 7 9 0
A l l = AA —PL 1 1 . 1 ) -  P L t 11 . 1 ) F G2 1 8 0 0
GO TO Q0 F G2 1 8 1 0
3 2 OD = P L ( 7  , 6 )  + P L t  7 .  1 0 ) + PLt  1 1 . 6 )  + P L t  1 1 , 10 ) FG2 1 8 2 0
BB =BB + P L t  1 2 .  7 ) + P Lt  1 2 .  1 0 ) + 2 . * P L t 1 3 ,  6 ) + 2 . * P L t 1 3 . 10 ) F G2 1 8 3 0
A A = PLt 7 .  5 )  + P L t  1 1 ,  5 ) + P L t  1 2 . 5 )  +2 • * P L  t 1 3 , 5) FG2 1 8 4 0
AA=AA+ P L t  1 4 ,  I D + P L t 1 5 ,  5 )  + P L t 1 6 ,  5 ) FG2 1 8 5 0
B 3 = B 8 + P L t  1 4 ,  1 )  + PL t 1 4 ,  5 ) + P L t 1 5 , 1 0 )  + P L t 1 5 .  7 ) FG2 1 8 6 0
9B = 8 9  + P L t  1 6 , 1 0 )  + PL 1 1 6 ,  7 ) FG2 1 8 7 0
AI I = AA -  BB FG2 1 8 8 0
GO TO 90 FG 2 1890
3 3 A A = P L t 9 ,  5) + P L t  1 2 ,  5 ) + PLt  1 3 , 1 0 ) FG2 1 9 0 0
0 9  = P L t 9 .  1 0 ) + P L t  1 2 .  1 0 ) + PLt  1 3 , 5) F G2 1 9 1 0
AA
m(UI<<n F G 2 1 9 2 0
A l l = AA -  P L t  2 . 6 )  -  PLt 9 , 6 )  -  FLt 1 2 , 6  ) FG 2 1 9 3 0
1 -  P L ( 1 3 ,  1 ) F G2 1 9 4 0
GO TO 9 0 FG2 1 9 5 0
3 4 A A  =
BB =
AA 
AI I 
GO TO
P Lt
P Lt
9 0
1 2 ,  1 0 )
1 2 .  5 )
= AA -  0 9  
= AA -  P Lt  1 2 , 1 )
FG2
FG2
F G 2
FG2
FG2
1 9 6 0  
19 7 0  
1 9 8 0  
1 9 9 0  
2 0 0 0
3 5 8 9  =
A A  =
A A  
AI I 
GO TO
P L t
P L t
9 0
1 4 .  1 0 )
1 4 ,  5 )
= AA -  BB 
= AA -  P L t  1 4 , 6  )
FG2
FG2
F G 2
FG2
F G2
2 0 1 0  
2 0 2 0  
20  3 0  
20  4 0  
20  5 0
3 6 A A = PLt 9 ,  1 0 )  + P L t  1 0 ,  5 )  + FLt  1 5 , 5 ) FG2 2 0 6 0
B8 = P L t 9 ,  5) + P L t  1 C ,  1 0 )  + PLt  1 5 , 10  > + P L t  1 5 , 6 ) F G2 2 0 7 0
A A = AA -  BB F G2 2 0 8 0
A l l = A A -  PL t 2 , 1 )  -  P L t 9 , I )  -  PLt 1 0 , 6 ) F G2 2 0 9 0
GO TQ 9 0 F G2 2 1 0 0
3 7 AA = P Lt 7 .  1 0 )  + P L t  8 . 5  ) FG2 21 10
BB = P Lt 7 .  5 )  + P L t  8  . 1 0  ) F G 2 21 20
AA = AA -  BB F G2 2 1 3 0
AI I = AA -  PLt 1 * 6 )  -  P L t 7 . 1 ) -  PLt 8 , 6 ) F G2 2 1 4 0
GO TO 9 0 FG2 2 1 5 0
3  8 A A = P L t 8 ,  101 FG2 21 6 0
BB = P L t 9 ,  5 ) FG2 2 1 7 0
AA = AA -  BB FG2 2 1 3 0
AI I = AA -  P L t 8 . 1 ) FG2 21 90
GO TO 9 0 FG2 2 2 0 0
3 9 A A = P Lt 4 ,  1 0 ) FG2 2 2 1 0
BB = P L t 4 ,  5 ) FG2 2 2 2 0
AA = AA -  BB F G 2 2 2 3 0
AI I = AA -  P L t 2 . 7 )  -  PLt 4 . 1 ) FG2 2 2 4 0
GO TO 9 0 F G 2 2 2 5 0
4 0 8 B = P L t 2 .  2 ) +2m * P L t  4 , 6  ) + 2 . ♦ P L t  4 , 1 0 )  + P L t  8 . 7 ) FG2 2 2 6 0
B 0 = 9 B + P L t  8 *  1 0 ) +  P L t 9 ,  7 ) +  P Lt 9 ,  1 0 ) +  PLt 1C. 7 ) FG2 2 2 7 0
A A = 2 . * P L t 4 ,  5 )  + P L t  8 . 5 )  + P L t  9 , 5 )  + P L t  1 0 , 5 ) F G2 2 2 3 0
BB = 9 H f P L t  1 0 .  1C) FG2 2 2 9 D
A l l = A4  -  BB FG2 2 3 0 0
GO TO 9 0 FG2 2 3 1 0
4  1 A A = P L t 3 .  1 0 ) F G2 2 3 2 0
BB = P Lt 3 .  5 ) F G2 2 3 3 0
AA = AA -  BB FG2 2 3 4 0
A l l = AA -  P L t 3 , 1 ) F G2 2 3 5 0
GO TO 9 0 FG2 2 3 6 0
4 2 SB = P L t 1 .  2 ) + 2 . * P L t  3 . 6  ) + 2« * P L t  3 , 1 0 )  + P L t  6 , 1 ) FG2 2 3 7 0
AA = 2 * 4  P L t 3 * 5 )  + P L t  6  . 10  ) + P L t  7 . S ) FG2 2 3 8 0
B B= BB+ P L t  6 .  5 ) +  P L t 7 .  7 ) +  P Lt 7  ,  10 ) F G2 2 3 9 0
A l l = AA -  BB FG2 24CC
GO TO 9 0 F G2 2 4 1 0
4  3 AA = PLt 6 ,  5 ) F G2 2 4 2 0
BB = P L t 6 .  1 0 ) F G 2 2 4  3 0
AA =  AA -  BB FG2 2 4  4 0
AI  I = AA -  P L t 6 , 6 ) F G 2 2 4 5 0
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GO TO 5 5 F G2 3 1 6 0
5 4 AA = P L ( 1 2 , 6 ) FG2 3 1 7 0
BB = P L t  1 2 , 1) FG2 3 1 8 0
■ B s  AA - BB F G2 3 1 9 0
GO TO 5 5 F G2 3 2 0 0
5 5 AA = PLt  1 4 , 1) FG2 3 2 1 C
BB = P L (  1 4 , 6 ) F G2 3 2 2 0
B = A A - BB FG 2 3 2 3 0
GO TO 5 5 F G2 3 2 4 0
5 6 AA = P Lt  2 , 6 )  + PLt 5 , 6  ) + FLt 10 , 1)  + P L t  1 5 , 1 ) F G2 3 2  50
BB = P Lt  2  , 1 )  + P L t 5 , 1 ) + PLt 1 0 , 6 )  + PLt  1 5 , 61 FG 2 3 2 6 0
8 = AA - BB F G 2 3 2 7 0
GO TO 5 5 F G 2 3 28Q
5 7 A A = P L t  1 . 1 ) + PLt 7 , 6 1 + FLt 8 , 1) F G2 3 2 9 0
3 8  = P L t  1 , 6)  + PLt 7 , 1 1 + P L t 8 , 6 ) FG2 3 3 0 0
B = AA - BB F G2 3 3 1 0
GO TO 5 5 FG2 3 3 2 0
5 8 A A = P L t  8 , 6 ) FG2 3 3 3 0
BB = P L t  a , 11 FG2 3 3 4 0
B = AA - BB FG2 3 3 5 0
GO TC 5 5 FG2 3 3 6 0
5 9 AA = PLt  2 , 1 ) + PLt 4  , 6  1 FG2 3 3  70
B8 = P Lt  2 , 6 )  + P L t 4 , 1 1 FG2 3 3  9C
8 = A A - BB FG2 3 3 9 0
GO TO 5 5 F G2 3 4 0 0
6 0 A A = PLt  2 , 6 1 + 2 , * P L  t 4  , 1 ) + PLt 8 , 1)  + P L t  9 , 1 1 FG2 3 4 1 0
9 B = P L t  2  , I ) + 2 . * P L  t 4 , 6  ) + PLt 8  , 61 + P Lt  9 , 6 ) F G2 3 4  2 0
AA=AA+ PL ( 1 0 ,  1 ) FG2 3 4 3 0
B S = BB+ P L ( 1 0 ,  6 ) F G2 3 4 4 0
8 =  A A  - BB F G2 3 4 5 0
GO TO 5 5 FG2 3 4 6 0
6  1 A A = P L t  3 . 6 ) F G 2 3 4 7 0
BB = PLt  3 , 1 1 FG2 3 4 8 0
B =  A A  - BB F G2 3 4 9 0
GO TO 5 5 F G2 3 5 0 0
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6 2 A A = P L t  1 , 6 1 + 2 ,  * P L t 3 , 1 ) + PLt 6 , 61 + P Lt 7 , 1 ) FG2 3 5 1 0
BB — P L t  1 , 1 ) + 2 , * P L t 3 , 6  1 + PLt 6 , 1)  + P Lt 7 , 6 ) F G 2 3 5 2 0
B = AA - BB FG2 3 5 3 0
GO TO 9 5 FG2 3 5 4 0
6 3 AA = P L t  6 , 1 ) FG2 3 5 5 0
BB = P Lt  6 , 6 ) FG2 3 5 6 C
B = AA - BB FG2 3 5  7C.
GO TO 9 5 FG2 3 5 8 0
6 4 AA - P L t  1 , n +  P Lt 5 , 6 1 + PLt 1 1 , 11 F G2 3 5 9 0
BB = PLt  1 , 6 1 +  P Lt 5 , 1 1 + P L t 1 1 , 6 ) F G2 3 6 0 0
B = A A - BB F G2 3 6 1 0
GO TO 9 5 F G2 3 6 2 0
6 5 AA — PLt  5 , 1 ) F G 2 3 6 3 0
BB = P L t  5 , 6 ) FG2 3 6 4 0
B = AA - BB FG2 3 6 5 0
GO TO 9 5 FG2 3 6 6 0
66 AA = PLt  5 , 1 1 +  P L t 6 , I ) + F Lt 1 4 , 1) FG2 3 6  70
BB = P L t  5 , 6 ) +  P Lt 6 , 6 )  + P L t 1 4 , 6 ) FG2 3 6 8 0
B = A A - BB FG2 3 6 9 0
GO TO 9 5 FG2 37CC
6 7 AA =P L (  1 0 , 6 1 FG2 3 7 1 0
B B = P L t 1 0 , 1 ) FG2 3 7 2 0
B = AA - □ B FG 2 3 7 3 0
GO TO 9 5 FG2 3 7 4 0
6 8 AA= P L t 1 5 ,  6 ) + PL 11 6 , 1 ) F G 2 3 7 5 0
B B =  P L t  1 5 ,  1 1 + PL 11 6 , 6 ) FG2 3 7 6 0
B = AA - RB FG2 3 7  70
GO TO 9 5 FG2 3 7  80
6 9 AA= P L t l 6 ,  6 ) FG2 3 7 9 0
BB= P L t 1 6 ,  1) FG2 3 8 0 0
B = AA - BB FG2 3 8 1 0
9 5 I F  t I N D > 1 1 0 , 1 0 1 , 1 1 0 FG2 3 8 2 0
1C 1 INO = 1 FG2 3 8 3 0
GAMMA •oll FG2 3 8 4 0
DO 1 0 2 1  = 1 , 1 6 FG2 3 8 5 0
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220
2 3 0
2 4 0
2 5 0
2 6 0
2 7 0
2 8 0
2 9 0
3 0 0
3 1 0
3 2 0
3 3 0
3 4 0
3 5 0
SUBROUTINE OUPPUT CICUT)  OUPP
COMMON/KKM/ALP( 6 0 > , S V A ( 6 0 >  , S D I F F ( 6 0 > , S A I  I ( 6 0 ) , S B ( 6 0 >  OUPP
COMMON/FOG/A 11 , CWT,  B ,  TOLD OUPP
COMM CN / F R S T R M /  U I N F ,  R I N F ,  U I N F 2 ,  R , R E ,  L X I ,  ITM,  IEM,  NETA OUP °
COMMON / R H /  D U D , D P H I , T D , R Z B , P D , HD, HTCTAL OUPP
COMMON / Y L / X X X ( 6 9 ) » Y 0 N D ( 6 0 ) OUP °
COMMON / V E L /  F ( 6 0 ) , F C ( 6 C ) , Z ( 6 0 ) , V ( 6 0 ) OUPP
COMMON/PROP1 / P I  ( 5 0 )  , RHO( 6 0 )  , T ( 6 C ) , 3 MW( 6 0 ) , CM( 2 0 ,  6 0 ) , C E ( 5 , 6 0  > OUPP
DI MENSI ON Y ( 2 0 , 6 Q )  QUP®
EQUIVALENCE C C M ( i ) , Y ( l ) )  OUPP
DI MENSI ON E T A ( 6 0 )  OUPP
EQUIVALENCE ( N E T A . N P ) ,  ( P D , P R E ) ,  < Y C N D ( 1 > , E T A ( 1 ) )  OUPP
OUPP
* # * *  P R I N T  RESULTS OF S P E C I E S  I T ER AT I ON S  * * * *  OUPP
OUPP
NS = 1 9  OUPP
GO TO ( 1 ,  2 ) , I OUT OUPP
OUTPUT CONVERGED RESULTS O U ° P
1 CONTINUE OUPP
11 W R I T E ( 6 , 6 1 >  OUPP
6 1 FORM A T ( / 4 X ,  * P T ,  V , 1 7 X , « ETA* , 1 3 X , • DENSI TY*  , 9 X , «  TEMPERATURE* , 1 2 X , * VELOUPP
1 G C I T Y * / )  OUPP
WRITEt  6 , 7 1  ) (  I , E T A (  I ) , RHO( I ) , T {  I ) , V (  I ) , 1  = 1 , N P )  OUPP
7 1  F O R M A T ( I 7 , 4 E 2 9 « 7 )  OUPP
OUTPUT INTERMEDIATE RESULTS OUPP
2  WR ITE ( 6 ,  2 0  ) OUPP
2 0  FORMAT( 1 H1 7 X , • E T A • , 9 X, • C C* , 1 0 X , *  C * , 9 X , * C2 ' , 9 X ,* C 3 » , 9 X , * C + ■ ,  8X ,  * C2 H0 UP P
1 * , 9 X , *  CN* , 8 X , *HCN * , 9 X , * H 2 *  , 1 0 X , * H ' )  OUPP
DO 2 0 J =  1 ,  NP OUPP
3  C WRI TE( 6 , 4 0 ) E T A ( J )  .  ( Y ( I  ,  J ) , 1 =  1 , 1 0 )  OUPP
4 0  F OR MA T( 1 IF 1 1 , 7 )  OUPP
WRI TE( 6 , 5 0 )  OUPP
5 0  FORMAT( 8 X , * E T A * , 9 X , * N 2 *  .  1 C X , * N * , 9 X , * N  + * , 1 0 X , * 0* . 9 X , * 0  + ' , 9 X ,  * E - * O U P P
X * 7 X , *C 2 H 2 * , 8 X , * C 3 H * , 8 X ,  * C 4 H » )  OUPP
DO 6 0  J = 1 , NP OUPP
W R I T E ! 6 , 4 0 ) E T A ( J )  ,  ( Y ( I  .  J ) . 1 = 1 1  . 1 9 )  OUPP 3 6 0
RETURN OUPP 3 7 0
END OUPP 3 8 0
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SUBROUTINE COUPLE COUP 10
COUP 2 0
T HI S  SUBROUTINE SOLVES THE S P E C I E S  AND ENERGY EQUATIONS COUP 3 0
COUP AO
COMMON / F R S T R M /  U I N F *  R I N F #  U I N F 2 ,  ft .  RE* L X I . IT M * IEM* NETA COUP 5C
COMMON / C O N V /  F P R C T . T P R C T * D D A M P , T D A W P , P D T I L COUP 6 0
COMMON/CONVI/HDAMP COUP 7 0
COMMON / D E L /  D E L T A , D T I L *D T I L S COUP 8 0
COMMON / M A I M / K E E ° . MAXE.MAXM*MAXD. I DEBUG* MCONV,ECONV. DCONV*LT, IAB COUP 9 0
COMMON / N O N / R D  2 » M U D 2 . R M D Z , A K N F , H N F , C F N F COUP 1 0 0
CQMMCN/ NUMBER/ N5P » N N S . NE *NC COUP 1 10
CO MMON/PROP1 / P I  ( 6 0  ) * R H O ( 6 Q ) * T < 6 0 > * AMW( 6 0 > ♦ C ( 2 0 * 6 0 )  * CE(  5* 6 0  ) COUP 1 2 0
C 0 M M 0 N / P R 0 P 2 /  MU( 6 0 )  » RMC6C1 * A K ( 6 C ) COUP 1 3 0
COMMON/PROP3 / C P S ( 2 0 * 6 0 )  * H S ( 2 0 . 6 0 ) *CP ( 6 0 »  * H M ( 6 0 ) COUP 1 AO
COMMCN/ VECTOR/ SUB( 6 0 )  . DI  AG( 6 0 ) »  S U P ( 6 0 )  , 0 ( 6 0 1 COUP 1 5 0
COMMON / R F L U X /  E ( 6 C ) . I R A D , I TYPE COUP 1 6 0
COMMON/ 1 D / S P ( 2 0 ) *  E L ( S I COUP 1 7 0
COMMON / R H /  D U D , D P H I , T D * R 2 B . P D . H D . H T C T A L COUP 1 8 0
C O M M C N / S P 2 / G R * S ( 2 0 ) , C S H 0 C K ( 5 ) COUP 1 9 0
COMMON / V E L /  F ( 6 0 ) * F C ( 6 0 ) * Z ( 6 C ) . V ( 6 0 ) COUP 2 0 0
COMMCN/WALL/RVW *PR W » TWOLD. FLUX( 2 0 )  * C W A L L ( 2 0 ) . ECW ALL( 5 ) COUP 2 1 0
COMMON / Y L / E T A ( 6 0 ) * YOND( 6 0 ) COUP 2 2 0
COMMON / O L D /  T O LD( 6 0 * E O L D ( 6 0 > . RHC S ( 6 0 ) COUP 2 3 0
C Q MM O N / D D / D ( 6 0 ) COUP 2A0
DI MENSI ON RHOLD( 6 C ) COUP 2 5 0
REAL MU.MUDZ COUP 2 6 0
LDGI CAL MCONV* ECONV *DCCNV COUP 2 7 0
COMMON/NET I / N E T A 1 . NET A2 COUP 2 8 0
COMMON/KKB/RHOA. T A . VA. YA( 1 9 ) COUP 2 9 0
COMMON/FOG/A I I . 0 1  , C I  * T OLD 1 COUP 3 0 0
CGMMCN/ I T/ AC COUP 3 1 0
CO MM O N / C K /  I SN(  2 0 )  *MWT( 19.) COUP 3 2 0
REAL MVfT COUP 3 3 0
DI MENSI ON Y ( 2 0  * 6 0 )  * S Y ( 2 0 . 6 0 ) COUP 3 AO
DI MENSI ON S A C I ( 1 9 *  6 0 1 COUP 3 5 0
to
o
00
u 
u 
u
D I MENS I ON RED ( 6 0 )  . R E S ( 6 0 )  * R E T ( 6 0 )
DATA NS  » SYMCH♦ S P E R . T M C H / 1 9 . . 5 0  * . 8 0 , . 0 1 /
1 0
3 9
4 9
5 2  8
■ I N I T I A U I Z E
NETA1 = NETA -  1 
NETA 2 = NETA -  2 
ECQN V = . F A L S E *
ITER = 0  
DO 1 0 J = 1 , N E T A  
TOLD I J ) = T ( J I
AC = 8 * 1 2 8 E - 9 8 4 ( T D 4 4 1 . 6 5 9 ) / ( P I ( I ) 4R 4 U I N F I  
AR = R / U T N F
4 4  COMPUTE THE Y COORDINATE * *
YOND( I ) = 0 . 0
SUM = 0 . 0
DO 3 9  K = 2 , N E T A
DETA = E T A ( K )  - E T A ( K - l )
SUM = SUM + D E T A * ( l . / R H C C K )  + 1 . / R H O ( K - 1 )  1 / 2 . 9
Y GND ( K)  =  DT I L  *SUM 
CONTINUE
DELTA = YOND( NETA)
DO 4  9 K = 1 » NE TA
YOND ( K)  = YOND C K) / Y ON D ( N E T A )
CONTINUE
I F ( I A B . N E . 0 ) G 0  TO 5 2 3  
CALL S P E C I E
CALL PROPR T ( NSP »1 » N E T A )
* * * 4  COMPUTE FLUX DIVERGENCE * 4 4 *
I F ( I R A D . E Q . 3 . A N D * I  T Y P E . E G . 1 ) CALL EFLUX  
I F ( I R A D . E Q . 3 . A N D . I T Y P E . E Q . C ) CALL LRAD 
TOLD 1 = 0 .
RDZ =  D E N S I T Y  AT SHOCK ( S L U G S  OF N /  F T * * 3  ) 
RHOD = R D Z 4 3 2 . 1 7 4
RHOD = D E N S I T Y  AT SHOCK ( LBM OF M /  F T 4 4 3 )
COUP 3 6 0
COUP 37C
COUP 3 8 0
COUP 3 9 9
COUP 4 0 0
COUP 4  10
COU° 4 2 0
COUP 4 3 0
COUP 4 4 0
COUP 45Ci
COUP 4 6 0
COUP 4 7 0
COUP 4 8 0
COUP 4 9 0
COUP 5 0 0
COUP 5 1 0
COUP 5 2 0
COUP 5 3 0
COUP 5 4 0
COUP 5 5 0
COUP 5 6 0
COUP 5 7 0
COUP 5 8 0
COUP 5 9 0
COUP 6 0 0
COU° 6 1 0
COUP 6 2 0
COUP 6 3 0
COUP 6 4 0
COUP 6 5 C
COUP 6 6 0
COUP 6 7 0
COUP 6 8 C
COUP 6 9 0
COUP 7 0 0
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13 
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(J
l) 
= 
C 
014 
+ 
CO 
15 
C
G
U
P
1080
o 
n
e i a  RED ( J ) = T ( J ) COUP 1 4 1 0
DO 7 5  6 J = H• NETAI C 0 U P 1 4 2 C
B ( J - l )  = H M ( J ) COUP 1 4 3 0
I TEB = 0  COUP 1 4 4 0
7 5 1  CALL PRQPRT ( N S P . J . J )  COUP 1 ASC­
OT T = t B < J — 1 > -  H M ( J ) ) / C P ( J )  C 0 U P 1 4 6 0
TCJ.)  = T( J ) + DTT COUP 1 4 7 0
DTT = D T T / T ( J )  C 0 U P 1 4 8 0
ITEB = ITEB +  1 COUP 1 4 9 0
I F ( I T E 9 »  G T * 2 0 ) G O  TC 7 5 2  COUP 1 5 0 0
GO TO 7 5 4  . COUP 151C
7 5 2  W R I T E C 6 . 7 5 3 ) J . D T T  C O U P 1 5 2 0
7 5 3  F O R M A T ! I X , * TEMPERATURE AT THE » , I 3 , ' T H  POINT DOES NOT CONVERGE• » SXCOUP1 5 3 0
X , 'CHANGE IN TEMFERATURE='  , E 2 D • ft 1 C O U P 1 5 4 0
STOP COUP 1 5 5 0
C COUP 1 5 6 0
7 5 4  I F { A 3 S ( D T T ) •  GT« * 0 1  0 )  GO TO 7 5 1  C O U P 1 5 7 0
7 5 6  CONTINUE C O U P 1 5 8 0
D 0 9 0 ’2 3 J = 2 »  NETA 1 C O U P 1 5 9 0
SRCT = { T ( J ) -  R E D ( J ) ) / RE D  < J 1 C O U P 1 6 0 0
SAP = TDAMP* SRC T C O U P 1 6 1 0
I F ( A E S t S A P ) • GT,TMCHJGO TC 9 0 2 1  COUP 1 6 2 C
Z I P  = SAP COUP 1 6 3 0
GO TO 9 0 2 2  C 0 U P 1 6 4 Q
9 0 2 1  Z I P  = T M C H + A B S ! S A P ) / S A P  C 0 U P 1 6 5 C
9 0 2 2  T( J ) = ( 1 *  + Z I P ) * R E D  C J ) C O U P 1 6 6 0
I F ( T ( J ) , L T * T { 1 ) ) T { J )  = T ( I ) C O U P 1 6 7 0
9 C 2 3  I F I T ( J ) * G T • l a ) T ( J )  = 1* C O U P 1 6 8 0
I F ( I DEBUG* EQ• G ) GO TO 8 8 9  C Q U D 1 6 9 0
WRI T E ( 6 * 8 1 7 )  t J  . R E D ( J )  .  T ( J ) , J = 1 . NET A ) COUP 1 7 0 0
8 1 7  F O R M A T ! I X , 1 5 . 2 0 X , 2 F 2 0 * 6 )  C O U P 1 7 1 0
COUP 1 7 2 0  
COUP 1 7 3 0
8 3 9  I F ( I T E R . G E . M A X E  ) GOTO 3 0 0  C O U P 1 7 4 0
I F ( I A B ) 9 9 1 . 8 5 1 , 8 9 2  C O U P 1 7 5 0
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SUBROUTINE S P E C I E SPEC 10
c ----- ----STAGNATION L I N E  SOLUTION OF S P E C I E S  CONTI NUI TY EQUATION ( S P C 4 ) SPEC 2 0
c ----- ----------- ORDER OF S P E C I E S  ISO SPEC 3 0
c CO C C2 C3 C+ C2H CN SPEC 4 0
c 1 2  3  4 5  6  7 SPEC 5 0
c HCN. H2 H N2 N N+ 0 SPEC 6 0
c 3 9  10  11 1 2  1 3  1 4 SPEC 7 0
c 0 +  E -  C2 H2  C3H C4H SPEC 8C
c 1 5  1 6  17  1 8 1 9 SPEC 9C
COMMON/COT/A 1 , CS SPEC 1 9 0
C C M M C N / N / N P 1 , N F 2 . NP3 SPEC 1 1 0
C OMMON/ KK3 / RH0 A, TA , V A , Y A ( 1 9 ) SPEC 1 2 0
COMMON/KKM/A L P ( 6 0 ) . S V A ( 6 0 )  , S D I F F ( 6 C) » SA I I ( 6 0  > , S B ( 6 C > SPEC 1 3 0
COMMON/FOG/A I I ,CWT , B  » TOLD SPEC 1 4C
C O M M O N / S A V E / S S U 8 I 6 0  »SDI AG 1 6 0 ) , S S U P ( 6 Q ) . SS ( 6 0  >,  E( 6 0  ) SPEC ISC
DI MENS I ON 1 DEN t 1 9  > SPEC 16C
c * * * * * * * * * * * * * SPEC 1 7 0
COMMON / D E L /  D E L T A , D T I L , D T I L S SPEC i a c
COMMON / F R S T R M /  U I N F ,  R I N F ,  U I N F 2 ,  fi , RE,  L X I ,  ITM,  IEM, NETA SPEC 1 9 9
C O MM O N / P R O P 1 / c I  ( 6 0 ) , R H 0 ( 6 9 ) ,  T ( 6 0 ) .BMW( 6 0 ) . CM( 2 0 , 6 0  > , C E ( 5 , 6 0  > SPEC 2 0 0
COMMON / R H /  D U D . D P H I , T O , R Z B , P D , HD, HTCTAL SPEC 2 1 0
COMMON / Y L / X X X ( 6 0 ) , Y 0 N D ( 6 n ) SPEC 2 2 0
c XXX I S  ETA I N MAIN SPEC 2 3 0
COMMON / M A I M / K E E P . M A X E , m a x m , m a x d , i d e e u g . M C O N V , £ C C N V , O C Q N V . L T , I A B SPEC 2 4 0
COMMON/VECTOR/  C A ( 6 0 )  , C B ( 6 0  ) , C C ( 6 0 )  . A L T ( 6 0 ) S P EC 2 5 0
COMMON / V E L /  F ( 6 0 ) , F C ( 6 0 ) , Z ( 6 C > , V ( 6 0 > SPEC 2 6 0
COMMON / N Q N / R D Z , MUDZ , R  MD Z * AK N F . H N F » C F NF SPEC 2 7 0
COMMON/ NUMBER/ NSP*NNS * NE , N C SPEC 2BC
C O M M O N / C K / I S N ( 2 0 ) • MWT( 1 9 ) SPEC 2 9 0
c * * * * * * * * * * * * * * * * * *  * * * * * * SPEC 3 0 0
REAL MWT SPEC 3 1 0
DI ME N S I ON Y ( 2 0 . 6 C ) SPEC 3 2 0
COMMON/SI  S / S Y ( 2 0 . 6 0 ) SPEC 3 3 C
EQUIVALENCE ( C V ( l ) . Y ( l ) ) SPEC 3 4 C
DI MENS I ON E T A ( 6 0 ) SPEC 3 5 0
roi—1«V
EQUIVALENCE ( N E T A . N P ) ,  ( P D . P R E ) ,  C YCND( 1 ) *ET A ( 1  ) ) SPEC 3 6 0
DI MENSI ON SUB(  6 0 )  . DI A G ( 6 0 )  . S U P ( 6 0 ) SPEC 3 7 0
EQUIVALENCE ( C A ( 1  ) , S U B ( 1 )  ) * ( C B ( 1 ) . C I A G ( 1 )  > * (CCC 1 ) *  S U P l  1 )  ) SPEC 3 9 0
DATA N S * S Y M C H . S P E R / 1 9 , , 5 C * • S O / SPEC 3 9 0
LOGICAL MCONV* ECONViDCCNV SPEC 4 0 0
RDZ = D E N S I T Y  AT SHOCK ( S L U G S  OF M / F T * * 3  ) SPEC 4 1 0
RHOD = R D Z * 3 2 . 1 7 4 SPEC 4 2 0
RHOD = DEN S I TY  AT SHOCK ( LB M OF M/ FT * * 3 ) SPEC 4 3 0
I S  IF I —0 SPEC 4 4 0
TOL 2 = , 0 2 SPEC 4 5 0
TCLI = 0 , 2 5 0 0 0 C + T O L 2 SPEC 4 6 0
TOL 3 = 2# * T 0 L2 SPEC 4 7 0
TCL4 = 4 ,  *  TOL2 SPEC 4 8 0
NID = 2 SPFC 4 9 0
N I T = 1 SPEC 5 0 0
IT =0 SPEC 5 1 0
TOLD = 0 , SPEC 5 2 0
NP=TOTAL NUMBER OF PROFI LE P OI N T S SPEC 5 3 0
PRE = S T A T I C  P R E S S U R E ( L B F / F T 2 ) SPEC 5 4 0
N P 1 = NP  -  1 SPEC 5 5 0
N P 2 = N P  -  2 SPEC 5 6 0
N P 3 = N P  -  3 SPEC 5 7 0
* * * * * * *  DI ME N S I ONA L I Z E SPEC 5 8 0
DOSO 1 = 1 , N P SPEC 5 9 0
R H O ( I )  = R H O ( I ) * R H C D SPEC 6 0 0
T(  I ) =  T(  I ) *  TO SPEC 6 1 0
5  C V( I ) = V ( I  ) * U I N F SPEC 6 2 0
ETA = Y ( F T ) SPEC 6 3 C
RHQ = D E N S I T Y  ( L B M / F T 3 ) SPEC 6 4 0
T =TEMPERATURE P R O F I L E ( C K ) SPEC 6 5 0
V ^VELOCI TY PROF I L E ( F T / S E C } SPEC 6 6 0
N S = N O ,  OF S P E C I E S SPEC 6 7 0
MfcT=MOLECULAR WEIGHTS SPEC 6 8 0
Y = MASS FRACTI ONS SPEC 6 9 0
DO 1 1 1 1 = 1  * NSP SPEC 7 0 0
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1430
Z I P  = SAP SPEC 1 7 6 0
GO TO 1 6 1 9 SPEC 1 7 7 0
1 6 1 6 Z I P  = YMCH#AB S ( S A P ) / S A P SPEC 1 7 3 0
1 6 1 9 CONTINUE SPEC 1 7 9 0
Y C I . J ) = < 1 . + Z I P ) * Y ( I , J> SPEC 1 8 0  0
1 3 0 CONTINUE SPEC 1 8 1 0
2 0  C CONTINUE SPEC 1 8 2 0
I F ( I T * L T # N I T ) G O  TO 3 7 4 SPEC 1 8 3 0
I F { I DEBUG• EQ• 0 ) GO TO 8 2 3 SPEC 1 8 4 0
WRITEt  6 , 1 4 6 3 )  ( I • I D E N ( I ) • I = 1 • N S ) SPEC 1 8 5 0
1 4 6 3 FORMAT ( 6 ( 4 X . I 3 i 2 X , '  = S I 5 , 4 ) t ) ) SPEC 1 8 6 0
8 2  3 DO 3 7 2 1 = 1 . N S SPEC 1 8 7 0
3 7  3 IDENC I >=0 S P E C 1 8 3 0
3 7 4 CONT IN LE SPEC 1 8 9 0
C IF CIT * N E • N I D ) G0  TO 3 7 6 SPEC 1 9 0 0
DO3 7 5 I = 1 . N S SPEC 1 9 1 0
I F t I D E N C I ) . L T . 3 J G C  TO 3 7 6 SPEC 1 9 2 0
2 7  S CONT INUE SPEC 1 9  3 0
GO TO 2 1 0 SPEC 1 9 4 0
3 7  6 I F C I T . L T . N I T > G 0  TO 3 3 3 4 S P E C  1 9 5 0
N I T = N I T + 5 SPEC 1 9 6 0
N I D —N I T - 4 SPEC 1 9 7 0
IFC I D E S U G * E 0 « 0  1GO TO 3 3 3 4 SPEC 1 9 8 0
WRITEt  6 , 2 1 8 > I T , Y M C H SPEC 1 9 9 0
21 8 FORMAT( / / I  OX , «  I TERAT I ON NUMBER* . 1 1 0 , 5 X , • YMCH* , F 1 5 . 6 / / ) S P E C 2 C 0 0
C CALL OUTPUT ( 2 ) S P E C 2 0 1 0
3 3 3 4 CONTINUE SPEC 2 9 2 0
GO TO 1 2 0 SPEC 20  3 0
2 1 0 DO 1 9  3 J  = 1 , NP S P EC 2 0  4 0
AM W -  0 . SPEC 2 0 5 0
DO 1 9 2 1  =1  i N S P SPEC 2 0 6 0
1 9 2 AM W = AMVJ + Y ( X « J ) S P E C 2 9 7 0
1 9 3 BMW( J)  = l . / A M W SPEC 2 0 8 0
DO 1 9 1  I = 1 , N S SP EC 2 0 9 0
DO 1 9 1 J = 1 « NP S P E C 2 1 0 0
N
r o
u 
u
1 9 1  Y( I * J ) = Y< I • J> *MWT{ I ) 
CALL OUPPUT ( 1 )  
* * * * * * * *  N O N - D I ME N S I ON A L I Z E  
D 0 5 1  1 = 1 *NP
RHO( I > = RHO t I  ) /RHOD  
T( I ) = T { I  ) / T D
5  1 V( I ) = V(  I ) / L I  NF
D O l  1 4 1 = 1 • NSP  
DO 11 AJ = 1 » NP
I 1 A S Y (  I , J  J = Y(  I ,  J )
DO 1 1 El  =1 , NSP  
DO I 1 5 J = 1 (MP
I I  5 Y( I SN { I ) ,  J j  = SY ( I ,  J>
RETURN
ENO
S P E C 2 1 10  
S P E C 2 1 2 0  
S P E C 2 1 3 0  
SPEC 2 1 4 0  
SPEC 2 1 5 0  
S P E C 2 1 6 0  
SPEC 2 1 TC 
SPEC 2 1 SO 
S P E C 2 1 9 0  
SPEC 2 2 0 0  
S P E C 2 2 1 C  
S PEC 2 2 2 0  
SPEC 2 2 3 0  
SPEC 2 2 4 0  
SPEC 2 2 5 0
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S U B R O U T I N E  C H E M E Q (  N l . N F ) C H E M 1 0
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * *  * * * * C H E M 2 0
c * C H E M 1 0
c T H I S  S U B P R O G R A M  I S  A  R E V I S I O N  O F  A P R O G R A M  O R I G I N A L L Y  R E P O R T E D * C H E M A O
c I N  N A S A —T N - D - 5 3 9 1  ( A U G L S T  1 9 6 9 ) .  T H E  P R O G R A M  C O M P U T E S  F O R  A * C H E M S C
c P R E S S U R E  A R R A Y , P P ( M . T E M P E R A T U R E  A R R A Y . T T ( N ) ,  A N D  A N  A R R A Y * C H E M 6 0
c O F  E L E M E N T A L  M A S S  F R A C T I O N S - C C t I . N ) .  T H E  E Q U I L I B R I U M  S P E C I E S * C H E M 7 0
c M A S S  F R A C T I O N S  A T  E A C H  P C I N T - N  R E P R E S E N T E D  B Y  T H E  G I V E N  A R R A Y S • * C H E M SC-
c T H F  E Q U I L I B R I U M  C O M P O S I T I O N S  A R E  S T O R E D  I N  T H E  M A T R I X  C E ( I . N ) . * C H E M 9 0
c * C H E M ICO
c D O N A L D  D .  E S C H * C H E M 1 1 0
c L O U I S I A N A  S T A T E  U N I V E R S I T Y * C H E M 1 2 0
c A U G U S T  7 .  1 9 7 0 * C H E M 1 3 0
c * C H E M 1 A O
c * C H E M 1 5 0
c * * # * * * # * # * * * * # $ # # * * * # # # # * * # * * * * * * * * C H E M 1 6 0
c I N  =  I N I T I A L  P O I N T  F O R  E Q U I L I B R I U M  C A L C U L A T I O N S . * C H E M 1 7 0
c N F  =  F I N A L  P O I N T . * C H E M 1 8 0
c $ * * * * # * * C H E M 1 9 0
C O M M C N / W A L L / R V V t . P R V t . T W O L D  . F L U X  (  2 0  > .  C W A L L  (  2 0  ) ,  E C W A L L I  5  ) C H E M 2 0 0
C O M M C N / S P 1 / S S . T O L . N D B L G C H E M 2 1 0
C Q M M C N / E Q 1  / A  I  (  2 0 )  ,  R K 2 0 ) .  C I 1 2 Q ) ,  D I I 2 0 ) ,  E l  ( 2 0 ) .  F  I  (  2 0  ) .  G I < 2 0 ) . C H E M 2 2 3
X  A I  I  ( 2 0 )  , 8 1  I  { 2 0  . C I  I  1 2 0 )  » D I  1 ( 2 0  )  . E l  I  ( 2 0  )  . F I  I  ( 2 0  ) .  G I  I (  2 0  ) C H E M 2 3 0
C O M M C N / E Q 2 / A A I 2 0 . 5 ) , I C G D E ( 2 0  > C H E M 2  A O
C O M M O N / T H E R M  1 / C ( 2 0 ) , F 0 R T ( 2 C ) C H E M 2 5 0
C O M M O N / 1 0 / S P ( 2 0 ) . E L ( 5 ) C H E M 2 6 0
C O M M C N / N U M B E R / N S  . N N S . N M . N C C H E M 2 7 0
C C M M G N / W T / X M V . I  2 C )  * A W T ( 5 ) C H E M 2 8 0
C O M M O N  / R H /  D U D . D P H I . T D . R Z B . P D . H D . H T C T A L C H E M 2 9 0
C O M M O N  / D Y /  D Y D T I 2 0 . 6 0 ) C H E M 3 0 Q
C O  M M Q N / P R 0 P 1 / P P ( 6 0 ) . R O I 6 0 ) . T T I 6 0 ) , A M W ( 6 0 ) , C E C 2 0  , 6 3 ) , C C ( 5 . 6 0 > C H E M 3 1 0
D I M E N S I O N  R ( 7 ,  7  ) , B ( 7  .  1 ) ,  Y I  N T  ( 2 0  ) . F Y  ( 2 0  ) • P I  ( 7  ) ,  F S U M (  2 0  > .  Y S U M  ( 2 0  > C H E M 3 2 0
1 , X(  2 0  ) , D E L T ( 2 0 >  » X L A M 2 0 ) C H E M 3 3 0
D I M E N S I O N  E ( 5 ) , B B ( 5 ) » Y ( 2 0 ) CHEM 3 A 0
D I M E N S I O N  H O L D ( 5 ) C H E M 3 5 0
Ni
t o-P~
5 CONTINUE CHEM 3  50
C CHEM 3 7 0
MA =1 CHEM 3 8 0
c CHEM 3 9 0
c ----------■ I N I T I A L  GUESS FOR E Q U I L I B R I U M  CAL C U LA TI ONS • • • • CHEM 4 0 0
c CHEM 4 1 0
DO 1 0 1 = 1 *  NS CHEM 4 2 0
1 0 Y( I ) = CWALLI I ) * A M f c ( M  >/XMVi(I  ) CHEM 4 3 ?
c CHEM 4 4 0
c ----------•COMPUTE THE S I Z E  OF THE MATRIX CHEM 4  5 0
c CHEM 46C
NA = H W t 1 CHEM 4 7 0
c CHEM 4 8 0
c N S =N UMBER OF S P E C I E S . • • • CHEM 4 9 0
c CHEM 5 0 0
c C R I T  =CRI  TER I A FCR CONVERGENCE* CHEM 5 1 0
c CHEM 5  2 ?
C R I T  = TOL CHEM 5 3 0
XBETA=CRI T CHEM 5 4 0
BE TA =0  * CHEM 5 5 0
L L = N S + 1 CHEM 5 6 0
t o l d = 6 . o CHEM 5 7 0
c CHEM 5 8 0
c THE REMAINDER OF THE PROGRAM COMPUTES E Q U I L I B R I U M  COMPOSI TI ONS CHEM 5 9 0
c CORRESPONDING TO THE ELEMENTAL MASS FRACTI ONS IN THE CC-ARRAY CHEM 6 0 0
c FROM P O I NT  N =  NI TO P O I N T  N = NF* CHEM 6 1 0
c CHEM 6 2 0
SUM = 0 , CHEM 6 3 0
DO 1 5 1 1  I = 1 » MM CHEM 6 4 0
1 5 1  1 SUM = SUM + CC < I • 1 ) CHEM 6 5 0
DO 2 0  11 1 = 1 ,  MM CHEM 6 6 0
a c i  i E O L D ( I )  =  C C ( I » 1 ) / S U M CHEM 6 7 0
DO 5 0  C0 N=NI  , N F CHEM 6  8 0
T = T T { N ) * T D CHEM 6 9 0
P = P P ( N 1 CHEM 7 0 0
t o
IOUl
BE TOLD = 0 • 0 CHEM 7 1 0
SUM=0* 0 CHEM 7 2 0
DO 15 1 = 1 .MM CHEM 7 3 0
1 5 SUM = SUM + C C ( I . N ) CHEM 7 4 0
DO 2D 1 = 1 , MM CHEM 7 5 0
I F ( C C { 1 , N ) , L T , 1 . 0 E - 1 0 ) C C ( I . N > = 1 * Q E - 1 0 CHEM 7 6 0
2 0 E ( I > = C C ( I , N ) / S U M CHEM 7 7 0
C CHEM 7 8 0
CALL A L T E H Y ( E , E 0 L D , Y , TOLD) CHEM 7 9 0
c CHEM 8 0 0
T l NC R = A8 S ( T - T O L D ) CHEM 8 1 0
I F ( T I N C R . L E . * G 1 ) GOTO1 7 5 0 CHEM 8 2 0
2 2 NT = 1 CHEM 83C
DO 2 5  J = I , M M CHEM 8 4 0
B0 { J ) = 0 CHEM 8 5 0
DO 2 5  1 = 1 , NS CHEM 8 6 0
2 5 B B ( J  ) = B B ( J ) + A A (  I . J ) * Y ( I ) CHEM 8 7 0
C CHEM 8 8 0
CALL THERM 0 ( T , P ) CHEM 8 9 0
C CHEM 9 0  0
c --------- -THERMO SUBPROGRAM CALCULATES F / R T  FOR EACH CCMPCNENT. • . • . CHEM 9 1 0
c CHEM 9 2 0
c CHEM 9  3 0
c ----------- S E T - U P  THE R - M A T R I X  AND THE S - V E C T O R . * * . CHEM 9 4 0
c CHEM 9 5 0
4 0 YB AR = 0 • CHFM 9 6 0
DO 5 0 1 = 1 , NS CHEM 9 7 0
s o Y 9 A R = Y 8 A R + Y < I ) . CHEM 9 8 0
c CHEM 99C
c YBAR I S  THE TOTAL NUMBER OF MOLES CF GAS S P E C I E S CHEM1D00
c CHEM1 0 1 0
c CHEM10 2 0
c — ----- -CALCULATE THE FREE ENERGY PARAMETER CF THE GAS S P E C I E S CHEM103C
c
D 0 6 0  1 = 1 . N S
CHEM10 4 0  
C HEM 1 0 5 0
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BETA = 0 , 0  
DO 2 1 5 1 = 1 . N S  
D E L T t l > = X ( I ) - Y ( I >
BETA =BETA + A B S { D E L T < I  )1  
I F ( 3 E T A , G T , 0 E T O L D ) G O T G 2 i e  
I F ( B E T A , L T , X 8 E T 4 1 G C T C B O O  
CONTINUE
■COMPUTE THE CONVERGENCE FARAMENTER XLAMBD
XLAMBD = 1 *
DO 2 1 0  1 = 1 , NS
I F ( A B S ( DELTI  I I  ) , L T , 1 * 0 E - 2 0 I  C E L T ( I ) = 0 * C
I F ( D E L T ( I ) * G E * 0 * > G O T C 2 1 0
I F t X I I  ) . G T * G .  )GOTC121 0
XLAM CI > = - Y ( I ) / O E L T ( I I
XLAMBD = A M I N 1 ( XLAMBD » X LAM( I ) )
, XLAMBD=. 99*XLAMBD  
CONTINUE  
XLAM 1 = XLAMBD
IF ( X L A M 1 . E O *  0 .  ) XL AMI =1 . O E - 5
d e b a r = o *
DO 2 2 0 1 = 1  , NS  
D E B A R = D E B A R + D E L T ( I >
-DETERMI NE THE S I Z E  OF THE UNI T  VECTOR XLAMBD*
APPLY THE CORRECTI ONS TO OBTAI N A NEW SET O F - E S T I M A T E S  FOR THE 
NEXT I TERATI ON*  WHEN THE VALUE OF XLAMBD IS  VERY SMALL SET THE 
VALUES OF Y ( I ) EQUAL TO X I I )  TO AVOID U S I N G  THE SAME VALUES OF 
Y ( I ) AS WAS USED I N THE FREVI OUS I T ERATI ON
■CETERMINE 
DFDL =FREE
THE FREE ENERGY GRADIENT*  
ENERGY GRADIENT
I F  P O S I T I V E  REDUCE XLAMBDA
CHEM1 7 6 0  
CHEM1 7 7 0  
CHEM1 7 0 0  
CHEM1 7 9 0  
CHEM1 8 0 0  
C H E M l B t n  
CHEM1 8 2 0  
CHEM1 3 3 0  
CHEM1 3 4 0  
CHEM1 8 5 0  
C HEM 1 8 5 0  
CHEM 1 8 7  0 
CHEM 1 8 B 0  
CHEM1 8 9 0  
CHEM1 9 0 0  
CHEM 1 9 1 0  
CHEM1 9 2 0  
CHEM1 9 3 0  
CHEM1 9 4 0  
CHEM1 9 5 0  
CHEM1 9 6 0  
CHEM1 9 7 0  
CHEM1 9 8 0  
CHEM1 9 9 0  
C HEM 2 0 CO 
C H E M 2 0 10  
CHEM 20  2 0  
CHEM 2 0  3 0  
CHEM 2 0  4 0  
C H E M2 0 5 0  
CHEM20 6 0  
CHEM 20  7 0  
CHEM2 0 8 0  
CHEM2 0 9 0  
C HEM 2 1 0 0
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c
c -
c
c
c
c
c
- C O N V E R T  Y ( I ) T O  M O L E  F R A C T I O N S * • • • a
9 0 0
1 0 0 0  
1 0 0  =
C O N V E R T  E Q U I L I B R I U M  M O L E  F R A C T I O N S  T C  M A S S  F R A C T I O N S  A N D  S T O R E  
T H E S E  V A L U E S  I N  T H E  C E - M A T R I X ,  A M W ( N )  I S  T H E  A V E R A G E  M O L E C U L A R  
W E I G H t  A T  T H E  P O I N T *  N ,
SUMY = 0 aD 
DO 9 0  0 1 = 1 «  N S 
S U M Y = S U M Y + Y ( I )
A M  W{ N  ) =  0  a  0
D O  1 9 0 0  I = 1 . N S  
Y (  I  ) = Y ( I > / S U M Y
A M W ( N )  =  A M W ( N )  +  Y ( I ) * X M W ( I >
D O  1 9 0 5 1 = 1 »  N S
C E  (  I * N  > =  Y { I ) * X M Y i ( I ) / A M W < N )
GOTO 1 SCO
c
c -
c
c
c
• I F  T H E  T E  
F .  E a  M ,
V A L U E S  a  a  a
M P E R A T U R E  C H A N G E  I S  L E S S  T H A N  5 0  D E G R E E S  F R O M  L A S T  
C A L C U L A T I O N  A S S U M E  C U R R E N T  V A L U E S  A S  E Q U A L  T O  L A S T
1 7 5 0  DO 17  6 0 I = 1 , N S  
1 7 6 0  C E ( I » N ) =CE ( I *N—1)  
AMW( N ) =AMW t N - 1 )  
1 8 0 0  CONTINUE
O P T I O N A L  O U T P U T  
C D M P O S I T I O N S a
O F  P O S I T I O N T E M P E R A T U R E  A N D  E Q U I L I 8 R I U M
I F ( N D 0  U G a  L T * 1 I G O T O 3 0 O 0  
P R I N T  2 0 0 0 . P . T  * N T
2 0 0 0  F O R M A T ! / / ,  ■ P  a * , F 5 . 3 , t  T ( O K )  =  * * F 6 a O * 5 X * * N U M B E R  O F  I T E R A T I O N S  
X = * , I 3 , / . l l X , * Y < I ) « , 1 2 X , ' C ( I , N ) » , / »
P R I N T  2 0 0 5 * ( S P ( I ) » Y ( I ) , C E ( I , N I  , I  =  1 , N S )
C H E M 2 A 6 0  
C H E M 2 4 7 C  
C H E M 2 4 8 C  
C H E M 2 A 9 0  
C H E M  2 5 9  0  
C H E M  2 5  1 0  
C  H E  M 2 5 2 9  
C H E M  2 5  3 0  
C H E M 2 5 4 0  
C H E M  2 5 5 0  
C H E M 2 5 6 0  
C H F M 2 5 7 0  
C H E M  2 5  8 0  
C H E M  2 5 9 0  
C H E M 2 6 0 0  
C H E M 2 6 1 0  
C H E M  2 6 2 0  
C H E M 2 6 3 0  
C H E M 2 6 A 0  
C H E M 2 6 S 0  
C H E M  2 6 6 0  
C  H E M  2 6 7 0  
C H E M 2 6 8 0  
C H E M  2 6 9 0  
C H E M 2 7 0 0  
CHEM2710  
C H E M 2 7 2 0  
C H E M  2 7 3 3  
C H E M 2 7 A 0  
C H E M 2 7 5 0  
C  H E M  2 7 6 0  
C H E M 2 7 7 0  
C H E M 2 7 8 0  
C H E M 2 7 9 0  
C H E M 2 8 0 0
200 E
C
3CC 0 
3 3 0  0 
SCO 0 
8 0 0  C
6 0 C C  
6 0 0  1
FORM AT( l X , A 4 , 2 E 1 8 » f i )  CHE M2 8 1 0
C HEM 2 8 2 0
CONTINUE C HEM2 8 3 0
XBET A = C R I T  CHEM2 8 4 0
CONTINUE C HEM2 9 5 0
CONTINUE C HEM 2 8  6 0
RETURN C HEM 2 3 7 0
P R I N T 6 0 9 1  C HEM 2 9 3 0
FORMAT{ « NUV9ER OF I TERATI ONS  EXCEEOED 9 0 0 ,  FRCGRAM TERMINAT ING* )CHEM2 8 9 P
RETURN C HEM 2 9 0 0
END CHEM2 9 1 0
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4 0 Y ( L S P < J > ) = Y ( L S P ( J ) > + t E ( J ) - B t J ) ) ALTE 3 6 0
TOLD= 0 , 0 ALTE 3 7 0
RETURN ALTE 3 8 0
END ALTE 3 9 0
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SUBROUTINE THERMO(T » P ) THER 10
THER 2 0  
THER 30
235
n 
n 
o
C-
c
c
c
■SUBROUTINE THERMO CALCULATES THE FREE ENERGY FUNCTION  
CHEMICAL S P E C I E .
COMMCN/NUMBER/NQ • N N S • NE »NC
C O M M C N / E Q l / A I ( 2 0 ) ,  B K 2 0 I .  C I ( 2 C ) ,  0 1 ( 2 0 ) ,  E l  ( 2 0 ) ,  F I  
X AI 1 ( 2 0 1  ♦ B I I ( 2 0 l , C I I C 2 C ) » D I I ( 2 Q ) t E I I ( 2 0 ) » F I I
C C M M C N / E Q 2 / A A ( 2 0 , S ) , I C O D E ( 2 0 )
C O M M C N / T H E R M 1 / C ( 2 0 ) , F 0 R T ( 2 C  >
r=TEMPERATURE IN OK
T 1 =T 
T 2 = T 1 * T  
T 3 =T 2 * T 
T 4 = T 2 * T  
T 5 = T 4 * T
C
C
C------------CALCUALTE THE FREE ENERGY FUNCTI ON F C R T ( I )
C 
C
C
F O R T ( I ) = F R E E  ENERGY FUNCTION
6 20
DO 4 1 1 = 1 *  NQ
I F ( T . G T . 6 0 0 0 .  ) G Q TO6 2  OS
F O R T ( I ) = AI  ( I  > * ( l . - A L O G ( T ) ) - 0 1  ( I ) * T / 2 . - C I (  I ) * T 2 / 6 . - D I (  
1 - E l ( I ) * T 4 / 2 0 . + F I ( I ) / T - G I ( I )
I F  ( I CODE ( I ) .  EQ • D G 0 T C 4 1  
C ( I ) =FOR T ( I >+ALOG( P>
GOTO4 1
5 F O R T ( I ) = A I I ( I > * < 1 • —A L Q G { T ) ) - B I  1 ( 1 } * T / 2 . - C I  I ( I | * T 2 / 6 . -  
1 - E  I I ( I > * T 4 / 2 0 . + F I I ( I J / T - G I I ( I )
I F ( I C O D E ( I ) . E Q *  1 ) G C T 0 4 1  
C( I ) = F O R T ( I ) + ALOG( P )
1 CONTINUE
FOR EACH THER 4 0  
THER 5 0  
THER 6 0  
THER 7 0  
THER 8 0  
( 2 0 ) ,  GI ( 2 0 ) *  T HER 9 0  
( 2 0 ) *  GI I ( 2 0 )  THER 1 0 0  
THER 1 1 0  
THER 1 2 0  
THER 1 3 0  
THER 1 4 0  
THER 1 5 0  
THER 1 6 0  
THER 1 7 0  
THER 1 8 0  
THER 1 9 0  
THER 2 0 0  
THER 2 1 0  
THER 2 2 0  
THER 2 3 0  
THER 2 4 0  
THER 2 5 0  
T HER 2 6 0  
THER 2 7 0  
THER 2 8 0  
I ) *T 3 / 1 2 .  THER 2 9 0
THER 3 0 0  
THER 3 1 0  
THER 3 2 0  
THER 3 3 0  
DI  I ( I ) * T 3 / 1 2 . T H E R  3 4 0  
THER 3 5 0  
THER 3 6 0  
THER 3 7 0  
THER 3 8 0
(OUs
O '
RETURN
END
THER 3<50 
THER 4 0 0
237
SUBROUTINE MA TI NV ( A ,  N * B * W, NWAX> M AT I 10
c MAT I 20
c M AT I 3 0
c MATRIX I N V E R S I O N  WITH ACCOMPANYING SOLUTION OF LINEAR E QUA T I 0 N5 MAT I 4 0
DI MENSI ON A ( 7 * 7  ) *  B ( 7  » 1 )  * I P I V O T ( 7 ) * I N D E X ( 7 * 2 ) MAT I 5 0
EQUIVALENCE ( I R O W . J R O W ) ,  ( I CCLUW* J COLUM) . ( AMAX, T , SWAP) M AT I 6 0
c MAT I 7 0
c I N I T I A L I Z A T I O N M AT I 8 C
c MAT I q r
c I SCALE=Q MAT! IOC
6 R i  = l o * 0 * * 1  a MAT I l i e
7 R 2 = 1  •  0 / R  I MATI 120
1 c D E T E R M = l . O M ATI 1 3 0
1 5 DO 2 0  J  = l  «N MAT I 1 4 0
2 C IP IVOT ( J  ) —C MATI 1 5 0
3 0 DO 5 5 0  1 = 1 . N MATI 160
c MATI 1 7 0
c SEARCH FOR P I VOT ELEMENT MATI 1 8 0
c MATI 1 9 0
4 0 AM AX = 0 • 0 MATI 2 0 0
4 5 DO 1 C5 J = i  . N MATI 2 10
5 0 IF ( I P I V 0 T ( J ) - 1 ) 6 C . 1 0 5 * 6 0 MAT I 2 2 0
6 0 DO ICO K = 1 , N m a t  I 2 3 0
7 0 IF ( I P I V O T ( K ) - l  ) 8 C * 1  O C . 7 4 0 MAT I 2 4 C
8 0 I c  ( A B S ( A M A X ) - A B S ( A t J , K )  ) ) 8 5 , 1 0 0 , 1 0 0 MATI 2 5 0
3 5 IROW=J MATI 2 6 0
<50 ICOLLM =K MATI 2 7 0
9 5 AM AX = A { J  * K ) MATI 2 3 0
100 CONTINUE MATI 2 9 0
10 5 CONTINUE MATI 3 0 0
IF ( A W 4 X ) 1 1 0 * 1 0 6 * 1 1 0 MAT I 3 1 0
1 0 6 DETERM= 0 , 0 MAT I 32C
I SCA L£ = 0 MAT I 33C
GO TO 7 4 0 MATI 3 4 0
1 10 I P I V O T { I C O L U M ) = I P I V C T ( I C C L U M )  +  1 MATI 3 5 0
NJLO
00
c MAT I 3 6 0
c INTERCHANGE ROWS TO PUT PI VOT ELEMENT CN DIAGONAL MATI 3 7  0
c MAT I 3 8 0
1 3 0 IF ( IROW-ICOLUM) 1 4 0 , 2 6 0 , 1 4 0 MATI 3 9 0
1 4 0 DETERM=—DETERM MAT I 4 0 0
ISO DO 2C 0 L = 1 • N MAT 1 4 1 0
1 6 0 SWAP =A { I ROW , L ) MATI 4 2 0
1 7 0 A ( I R O W . L ) = A ( I C O L U M , L ) MAT I 4 3 0
2 t:0 At  I CO L U M, L) = S WAP MATI 4 4 0
2 0  5 IF ( M ) 2 6 ^  » 2 6 0  <21 0 MATI 4 5 0
2 1 0 DO 2 5 0  L - l  * M MAT I 46C
2 2 0 SWAP = 8 ( I R n W . L ) MATI 4 7 0
2 3  0 S ( I R O W , L ) = B ( I C O L U V , L ) MAT I 48C
2 5  0 B t  ICOLUM, L >=SWAP MATI 4 9 0
2 6  0 INDEXt  I .  1 > = 1 ROW MATI 5 0 0
2 7  0 I N D E X ! I , 2 ) = ICOLUM MAT I 5 1 0
3 1 0 P I V O T = A ( I C O L U M , I C C L U M ) MATI 5 2 0
C MATI 53C
c SCALE THE DETERMINANT MATI 5 4 0
c MAT I 5 5 0
1 0 0  0 P I V Q T I = P I V O T MATI 5 6 0
1 0 0  5 I F ( A B S ( DETER M) — R1 J 1 C 3 9 . 1 0 1 0 . 1 0 1 0 MATI 5 7 0
1 0 1 0 d e t e r m =d e t e r m / r i MAT I 5 8 0
I SCALE - I SC A L E + 1 MATI 5 9 0
IF (AE3SI D E T E R M ) - R l  ) 1 0 6 0  , 1 0 2 0 , 1 0 2 0 MAT I 6 0 0
1 0 2  0 d e t e r m =d e t e r m / r i MATI 6 1 0
I S C A L E = I S C A L E + 1 MAT I 6 2 0
GO TO 1 0 6 0 MAT I 6  3 0
1 C 3 0 I F ( A B S ( D E T E R M J - R 2 ) 1 0 4 0  ,  1 0 4 0 , 1 0 6 C MAT I 6 4 0
1 0 4 0 DE TERM =DE TER M*R 1 MAT I 6 5 0
I S C A L E = I S C A L E - 1 MATI 6 6 0
I F ( A B S ( D E T E R M ) - R 2 ) 1 0 5 0 , 1 C 5 C , 1 0 6 0 MAT I 6  7 0
1 0 5 0 DE TERM =DETERM*R1 MATI 6 8 0
I S C A L E = I S C A L E —1 MATI 6 9 0
1 C 6 0 I F ( A B S I P I V O T I > —R i ) 1 0 9 0 , 1 0 7 0 , 1 0 7 0 MATI 7 0 0
r oLJ \D
1 0 7 0  P I V O T I = P I V Q T I / R 1  
I SCALE = I S C A L E + 1
I F ( A  BSC P I V O T I ) - R l  > 3 2 0 » I 0 e 0 . 1 0 8 0  
I C 8 0  P I V O T I = P I V O T I / R 1 
I SCALE = I S C A L E * I  
GO TC 32C
1 0 9 *  IF CASS C P I V O T I ) - R 2  > 2 0 0 0 , 2 0 0 0 . 3 2 0  
2 0 C * P I V O T I = P I V O T I * R l  
I SCALE =1 S C A L E - 1
I F C A B S C P I V O T I ) —R 2 ) 2 C 1 0 • 2  C1 C . 3 2 0  
2 3 1 C P I V O T I = P I V O T I * R l  
I S C A L E = I  SC ALE—1 
3 2 0  DETERM=OETERM*PIVOTI
C
C D I V I D E  P I V O T  ROVt BY P I V O T  ELEMENT
C
3 3 C AC ICOLUM, ICOLUM1= 1 • 0  
3 4 0  DO 3 5 0  L = 1 , N
3 5 0  A ( I COLUM, L >=ACI COLUM, L >/ P I V C T  
3 5 5  IFCM)  3 8 0  ,  3 8  C » 3 6 0  
3 6 0  DO 3 7 0  L = 1 . M
3 7 0  B C I C O L U M , L ) = B ( I C O L U M , L ) / P I V O T
C
C REDUCE N O N - P I V C T  RCVtS
C
3 8  0 DO 5  5 0  L 1 = 1 • N
3 9 0  I F ( L 1 - I C O L U M ) 4 0 C , 5 5 0 , 4 0 0
4 C 0  T=ACLI  * ICOLUM)
4 2 0  A C L l , I C O L U M) = 0 . 0  
4 3 0  DO 4 5 0  L = 1 , N
4 5  0 A ( L I  , L ) = A ( L l  »L)  — A ( I C O L U M , L } *T  
4 5  5  I FCM)  5 5 0 * 5 5 0 , 4  6 0  
4 6 0  DO SCO L = 1»M
5 0  0  B C H , L ) = R ( L l » L ) —B ( ICOLUM»L ) *T  
5 5 0  CONTINUE
MATI 7 1 0
MATI 7 2 0
MATI 7  30
MAT I 7 4 0
MATI 7 5 0
MATI 7 6 0
MAT I 7 7 0
MAT I 78C
MAT I 7 9 0
MAT I 6 0 0
MAT I BIO
MAT I 8 20
MATI 9 3 0
MAT I 94C
MAT I 8 5 C
MATI 8 6 0
MATI 8 7 0
MATI 8  8 0
MATI 8 9 0
MATI 9 0 0
MATI 9 1 0
MATI 9 2 0
MAT I 9 3 0
MATI 9 4 0
MATI 9 5 C
MATI 9 6 0
MATI 9 7 0
MATI 9  8 0
MATI 9 9 0
MATI 1 0 0 0
MATI 1 0 1 0
MATI 1 0 2 0
M A T I 1 0 3 0
M A T I 1 0 4 0
MAT 1 1 0 5 0
240
n 
n
INTERCHANGE COLUMNS 
6 0  0 DO 7  10 1=1  »N
6 1 0  L =N + 1— I
6 2  0 I F ( INDE X ( L i l  ) - I N D E X ( L » 2 )  1 6 3 0 . 7 1 0 , 6 3  0 
6 3 0  JROW =1 NOEX t L » 11 
6 4 0  J C O L U M = I N O E X ( L . 2 )
6S C DO 7 C5 K = 1 , N  
6 6 0  SWAP=A<K.  JROV»)
6 7 0  A t K , J R O W ) = A ( K , J C O L U M )
7 0 0  A { K . J C CLU M) = S WAP  
7 0  5 CONTINUE  
7 1 0  CONTINUE  
7 4  0 RETURN 
ENO
M A T I 1 0 6 0  
M A T I 1 0 7 0  
M AT I 1 0 8 0  
MATI 10 RO 
MAT I 1 1 0 0  
MATI 1 1 1 0  
M A T I 1 1 2 0  
M A T I 1 1 3 0  
MATI I 1 4 0  
M A T I 1 1 5 0  
M A T I 1 1 6 0  
MATI 11 7 0
m a t i  n a c
MATI 1 1 9 0  
MATI 1 2 0 0  
M A T I 1 2 1 0
241
SUBROUTINE PROORT( N S P , N I , N F ) PROP 1C
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * PROP 2C
c PROP 3 0
c SUBROUTINE FOR THE CALCULATION CF THERMODYNAM IC AND TRANSPORT PROP 4 0
c P R O P E R T I E S PROP 5 0
c PROP 6 0
c NO MENCLATURE• a • • PROP 7 0
c Y ( I ) * « . M O L E  FRACTI ON OF CCMFCNENT I ORQP 8 0
c C( I , N ) * , . M A S S  FRACTI ON CF COMPONENT I AT POI NT N PROP 9 0
c T 1 • • • • • • • • TEMPERATURE,  DEG.  K PROD I CC
c CPI  I I * . • • • S P E C I E S  S P E C I F I C  F E AT .  CAL/GMOLE OF I - K PROP 1 10
c C P M ( N ) , • • « MIXTURE S P E C I F I C  FEAT,  CAL/GMOLE OF M-K PROP 12C
c H ( I ) • • • • • • S P E C I E S  ENTHALPY.  CAL/GMOLE OF I PROP 1 3C
r H M ( N > . . . • • M I X T U R E  ENTHALPY.  CAL/GMOLE OF M PROP 1 4 0
C V I S I I  ) • • • • S P E C I E S  V I S C O S I T Y .  L B N / F T  —S EC PROP 15C
C V I S M I N ) , , . M I X T U R E  V I S C O S I T Y .  LBM/ FT —SEC PROP 1 6 0
c TCI I ) • • • • • S P E C I E S  THERMAL C O ND U CT I V I TY ,  B T U / F T - S E C - D E G , R PROP 1 7 0
c T C M I N ) . • • MIXTURE THERMAL CO ND U C T I V I TY ,  B T U / F T —S EC—DEG• R PROP 1 8 0
COMMON / B L O C K 1 / V 1  I 2 0 >  , V 2 ( 2 C I . V 3 1 2 0 ) PROP 1 9 0
COMMON/ BLOCK3 / K1 1 2 0 . K 2 I 2 0 ) PROP 2 0 0
CO MM ON / E  0 1 / A  I ( 2 0 )  ,  B U 2 0 ) .  C I I 2 0 I ,  0 1 ( 2 0 ) ,  E M 2 0 ) ,  F K 2 0 ) .  G I I 2 0 ) . P R O P 2 1 0
X AI 1 ( 2 0 )  , 8 1  I ( 2 0  > , Cl  I ( 2 0 ) , 0 1 I I 2 0  ) , E I I  1 2 0 ) , F I  11 2 0 ) . G I I (  20 ) PROP 2 2 0
COMMON / F R S T R M /  U I N F ,  R INF , U I N F 2 , RAD, RE,  L X I ,  ITM, I EM,NET A PROP 2 30
COMMON/PROP 1 / P I  I 6 0 )  . RHOI 6 0 ) , T t  6 0 )  , A M W ( 6 0 )  . C  I 20  , 6 0 ) , CCt 5 , 6 0 ) PROP 2 4 0
C 0 M M C N / P R 0 P 2 / V I S M ( 6 0 ) , R M ( 6 C ) , T C M ( 6 0 ) PROP 2 5 0
C 0 M M C N / P R Q P 3 / C P I 2 C . 6  0 ) , P ( 2 Q , 6 0 ) . C P M ( 6 0 ) , H M ( 6 0 ) PROP 2 6 0
COMMON/ WT/ SMX(2 0 )  , A W T ( 5 ) PROP 2 7 0
COMMON / R H /  DUD . DPHI  , T C , R Z B , P D . H D . H T C T A L PROP 2 8 0
COMMON / N O N / R D Z . M U D Z , R M D Z . A K N F , H N F , C F N F PROP 2 9 0
DI MENSI ON P H I ( 2 0 , 2 0 )  . Y P H I I 2 0 ) , Y ( 2 0 )  , T C ( 2 0 ) , V I SI 2 0  > PROP 3 0 0
DI MENSI ON SAMWI2) PROP 3 1 0
REAL M U . M U D Z . K l , K 2 PROP 3 2 0
DATA R / I . 9 8 7 1 6 / PROP 3 3 0
c PROP 3 4 0
D0 5 0 0 N = N I , NF PROP 3 5 0
Z*
fZ
r> 
n 
o 
n 
n
T l =  T ( N )  *  TD PROP 3 6 0
T 2 = T 1 * T 1 PROP 3 7 0
T 3 = T 2 * T 1 PROP 3 8 0
T 4 = T 3 *  T1 PROP 3 9 0
T 5 = T 4 * T 1 PROP 4 0 0
0 0 1 5 0 1 = 1 »NSP PROP 4 1 0
I F ( T 1 . G T . 6 C 0 0 . ) G O T C  5 0 PROP 4 2 0
C P I I , N ) = <  A I I I ) + 8 I U ) * T 1  + C I I I ) * T 2 +  D I ( I ) * T 3 +  E I I I ) * T 4 ) * R PROP 4 3 0
HI I i M - (  A I ( I ) * T H  B I ( I ) * T 2 / 2 . +  C I ( I ) * T 3 / 3 . +  D l C I ) * T 4 / 4 . PROP 4 4 0
X + E I ( I ) * T 5 / 5 »  + F I ( I )  ) * R PROP 4 5 0
GOTO 1 0 0 PROP 4 6 r
5 0 C P l I « N ) = { A I I I I ) + B I I ( I ) * T l + C I I t I ) * T 2 + D I I I I ) * T 3 + E 1 1 1  I ) * T 4  ) * R PROP 4  7 0
HI I . Ni  = tA I H  I ) * T 1 +  B I I  ( I >* T 2 / 2 . + C I I ( I ) * T 3 / 3 «  + D II  I I ) * T 4 / 4 . PROP 4 8 0
X + E I I  I I >* T 5 / 5 . + F I I  I I ) ) *R PROP 4 9 0
1 0 0 Y( I ) =C ( I , N ) * A MW( N )  /SMVi ( I ) PROP 5 0 0
V I S I  I ) = ( VI I I > + V2 ( I ) *T1 + V3 ( I >*T2  ) * U 0 E - 3 5 PROP 5 1 0
TCI I ) = ( < 1 ( I ) + K 2 ( I ) * T l  » * 1 . 0 E - 5 PROP 5 2 0
15C CONT INUE PROP 5 3 0
--------- CALCULATE P H I I I . J 1  PARAMETERS FOR MIXTURE P R O P E R T I E S • • • • P R O ° 5 4 0
PROP 5 5 0
0 0  2 0 C I = 1 «NSP PROP 5 6 0
D 0 2 0 0 J = 1 , N S P PROP 57C
VI S I  2 = SORT I V I S ( I  1 / V I  SC J )  J PROP 5 8 0
SMW14 = 1 S M W I J ) / S M W t I ) > * * . 2 5 PROP 5 9 0
P H I  ( I .  J ) = .  3 5  A* { ( 1 . + VI  S I  2*SMf c l  A 1 * * 2  ) / S O R T  ( 1 .  + S  MW ( I >/SMW ( J  ) > PROD 6 0 0
2 0  0 CONTINUE PROP 6 1 0
PROP 6 2 0
- C A L C U L A T I O N  OF MIXTURE P R O P E R T I E S . « • PROP 63C
PROP 6 4 0
DO 2 5  0 1 = 1 . N S P PROP 6 5 0
YPHI ( I  > =  0 * 0 PROP 6 6 0
DO 2 5 0 J = 1 , N S P PROP 6 7 0
2 5 C YPHI I I ) = Y P H I  I I ) 4- Y(  J )  *PHI  I I ,  J> PROP 6 8 0
V I S M ( N ) = 0 *  0 PROP 6 9 0
TC Ml N ) = 0 . PROP 7 C 0
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n 
n 
o
D O 3 C 0 1 = 1 * N S P
I F ( Y ( I  ) * L T * l , E - 5 )  G O  T O  3 0 0  
V I S M  ( N  ) = V I  S M  ( N » 4 - Y <  I  ) * V  ! S (  n / Y P H I  (  I  > 
3 0  C T C M ( N )  =  T C M ( N >  +  Y ( I ) * T C C I ) / Y P H I  ( I  > 
5 0 0  C O N T I N U E
  N O N D I M E N S I O N A L I Z E  Q U A N T I T I E S  ---------------
D O  5  5  0  N  = N  I  * N F  
V I S M ( N )  =  V I 5 M ( N ) / M U D Z  
T C M ( N )  =  T C M ( N ) * A K N F  
R M ( I  ) = R H O (  N ) * V I S M ( N )
CP MI N )  = Om 
H M ( N )  =  0 .
D O  5  5 0 I = 1 ♦ N S P
C P ( I . N )  =  C P  I I  i N ) * C P N F / S F W (  I  )
H  (  I  * N  )  =  H (  I  , N )  * H N F * 1 .  8 C / S M V i (  I )
C P W ( N )  =  C P N ( N )  +  C P  ( I  i N  ) * C  { I  t  N  )
HM (N ) = HM( N)  +  H ( I » N ) # C { I » N )
5 5 0  C O N T I N U E  
R E T U R N  
E N D
PROP 7 1 0
PROP 7 2 0
PROP 7 3 0
PROP 7 4 C
PROP 7 5 0
PROP 7 6 0
PROP 7 7 0
PROP . 7 8 0
PROP 79C
PROP 8G0
PROP 8 1 0
PROP 8 2 0
PROP 8  3 0
PROP 8 A0
PROP 8 5 0
PROP 8 6 0
PROP 8 7 0
PROP 8 3 0
PROP 8 9 0
PROP 9C0
PROP 9 1 0
PROP 9 2 0
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m
2 0
3 0
4 0
5 0
6 0
7 0
ao-
go
1 oo
n o
120
1 3 0
1 4 0
1 5 0
1 6 0
1 7 0
130
1 9 0
2 0 0
2 1 0
220
2 3 0
2 4 0
2 5 0
2 6 0
2 7 0
2 8 0
2 9 0
3 0 0
3 1 0
3 2 0
3 3 0
3 4 0
3 5 0
SUBROUTINE S TP S ZE
* *  ROUTINE TO ADJUST STEP S I Z E  AS NEEDED 
TO MAINTAI N ACCURACY * *
COMMON / D E L /  D E L T A  , D T I L , D T I L S
CGMMCN / F 9 S T R M /  U I N F ,  R I N F ,  U I N F 2 .  P . RE.  L X I .  ITM,  I EM. NETA 
C O M M C N / ° R O P l / P I ( 6 0 ) . R H C ( 6 0 ) , G 1 6 0 ) » AMW( 6 C) » C ( 2 0 . 6 0 ) . E C t 5 , 6 0 )  
C C M M C N / P R 0 P 2 /  MU( 6 C ) ,RM ( 6 C ) .  A K ( 6 0 )
CO M M O N / P R O P 3 / C P S ( 2 0 . 6 0 )  . H S ( 2 0  * 6 C ) . C P  ( 6 0 )  , H M ( 6 0  )
COMMON / R H /  D U D . D P H I . T D . R Z E . P D . H D . H T G T A L  
COMMON / R F L U X /  E ( 6 0 »  , I R A D . I T Y P E  
COMMCN / V E L /  F ( 6 0 )  . F C ( 6 0 ) , Z ( 6 0 ) , V ( 6 0 )
COMM O N / W A L L / R V  W » P R  W » T W O L D . F L U X ( 2 0 > . C W A L L ( 2 0 ) . ECWALL ( 5 )
COMMON 
COMMCN
/ Y L / E T A ( 6 0 ) . YOND( 6 C )
/ O L D /  TOLD( £ 0 )  , E G L D ( 6 0  > . R H C S ( 6 0  )
N - 2
CONTINUE  
I 2 = 2
I F ( NET A . G E •  5 9 )  GO TO 5
DO 2 I = N . N E T  A 
L = I
CHECK = A B S ( G ( I  ) —G ( I - l )  ) 
I F( CHECK . G T *  . 0 5 )  GO TO 3 
CONTINUE
GO TO 5
CONTINUE  
M = NETA -  L + 1
DO 4  I = 1 . M
S TP S
S T P S
STPS
S T P S
S T P S
S T P S
STPS
S T P S
S T P S
S T P S
STPS
S T P S
STPS
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
S T P S
STPS
K = NETA -  I + 1 
G( K +  1)  = G ( K )
F ( K + 1 )  = F ( K )
D Q 1 0 0 J J  = l * 5
1 0 0  E C t J J t K + l ) = E C ( J J . K )
T O L D ( K + 1 ) = T 0 L D ( K )
R HC S ( K + 1 ) = RHGS ( K)
RHO( K+ 1 ) = RHD( K)
RM ( K + l )  — RM ( K )
I F ( I R A D . E Q .  3 )  E t K + 1 )  = E ( K ) [
ET A ( K + 1)  = E T A ( K )  I
A CONTINUE
C
G ( L )  = ( G ( L - 1 >  + G ( L + 1 )  ) /  2 . 0
F { L ) = ( F ( L - 1 ) + F ( L + l ) ) / 2 .  I
DO 10  1J J = 1 , 5  j
1 0 1  EC ( J J , L )  = ( E C ( J J « L - 1  ) + E C (  J J . L + 1  ) ) | / 2 .
TOLD I L )  = ( T O L D ( L - l  ) + T O L D ( L + l >  ) / 2 . j o  
R H O S C L ) = ( R H C S < L - 1 ) + R H O S ( L + 1)  >/ 2 . C  
RHO( L)  =  ( R H C ( L - l )  + R H C ( L + I  ) ) / 2 •
RM ( L )  = (RM I L - 1 )  +RM ( L + 1 M / 2 .  
I F t l R A D . E O .  3 )  E ( L )  = ( E C L - 1 > +  E ( L + l ) > / 2 . 0  
E T A ( L )  = C E T A C L - l )  + E T A C L + l )  ) / 2 . 0  
NETA = NETA + I 
N=L
C j
I F ( NETA . L T .  5 9 )  GO TO 1 |
C
5 CONTINUE
C
I F C I 2  *GE* NETA)  GC TO 1 0
DO 6  I = 1 2 ,  NETA,  2
L = I
I F ( L . E Q . N E T A )  GO TO 6  
I F ( E T A ( I )«  EQ* 0 * 9 8 )  GO TC 6
S T P S 3 6 0
S T P S 3 7 0
S T P S 3 3 0
S T P S 3 9 0
S T P S 4 n r
S TP S 4 1 0
S T P S 4 2 0
S T P S 4 3 0
S T P S 4 4 0
S T P S 45C
S T P S 4 6 0
S T P S 4 7 0
S T P S 4 3 0
S T P S 4 9 0
S T P S 5 0 0
S T P S 5 1 0
S T P S 5 2 0
S T P S 5 3 0
S T P S 5 4 0
S T P S 5  5 0
S T P S 5 6 0
S T P S 5 7 0
S T P S 5 3 0
S TP S 5 9 0
S T P S 6 0 0
S T P S 6 1 0
S T P S 6 2 0
S T P S 6 3 0
S T P S 6 4 0
S T P S 6 5 0
S TP S 6 6 0
S T P S 6 7 0
S T P S 6 8 0
S T P S 6 9 0
S T P S 7 0 0
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CHECK “ A B S ( G ( I + l )  -  G ( I - l )  )
I F ( C HECK • L T • 0 . 0 0 5 )  GO TO 7
6  CONTINUE
C
GO TO 1 0
7  CONTI NUE'
I 2=L + 1
I F ( E T A ( L + 1  ) — E T A ( L —1 ) • G T* , 0 4 )  GO TO 5
C
DO 8 I = L . N 6 T A  
G ( I ) =  G ( I +1 >
F{  I )  = F ( I + 1 )
DO 10  2 J  J = l • 5  
1 0 2  E C ( J J . I ) = E C ( J J . I + 1 )
TOLO( I ) = T O L D { 1 + 1)
R H O S ( I ) = R H Q S t I  + U  
RHO( I ) = R H O ( H - l )
RM ( I )  =  RM ( I +  1 )
I F ( I RAD * E Q • 3 )  E ( I )  = E ( I  + 1 )
E T A ( I ) = E T A ( 1 + 1 )
8 CONTINUE
C
N E T A= N E T A - 1
I F ( NETA . G T *  1)  GC TO 5
C
1 0  CONTINUE
NN = N E T A - 2  
DO 2 0  1 = 1 . NN 
Z ( I ) = E T A ( I + 1 ) / D T I L  
2 0  CONTINUE  
RETURN 
END
S TP S 7 1 0
S T P S 7  20
S T P S 7 3 0
S T P S 7 4 0
S TP S 7 5 0
S TP S 7 6 0
S T P S 7 7 0
S T P S 7 8 0
S T P S 7 9 0
S T P S 8 0 0
S T P S 8 1 0
S T P S 3 2 0
STP 5 8 3 0
S T P S 9 4 0
S T P S 8 5 0
S T P S 8 6 0
S T P S 8 7 0
S T P S 8 8 0
S T P S 8 9 0
S T P S 9 0 0
S T P S 9 1 0
S T P S 9  20
S T P S 9 30
S T P S 9 4 0
S T P S 9 5 0
5 TP S 9 6 0
S T P S 9 7 0
S T P S 9 9 0
S T P S 9 9 0
S T P S 1 0 0 0
S T P S 1 0 1 0
S T P S  10 2 0
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n
SUBR CUTINE TRI D (M>
TRID  TRI DI AGONAL EQUATION SOLVER OBTAI NED FR CM CONTE P - 1 8 4  * * *
C S U 3 F 0 U T I N E  SOLVES AX = B FOR THE VECTOR X (WHERE A I S  T R I D I  AGON Al
C M = ORDER OF SYSTEM
C SUP = SUPER DIAGONAL CF A
C SUB = SUB DIAGCNAL CF A
C D I A G = M A I N  DIAGONAL OF A
C B = CONSTANT VECTCR
C SUP AND DI AG ARE DESTROYED
C SOLUTION VECTOR I S  RETURNED IN B
C
COMMON/VECTOR/  S U B ( 6 0 )  * D I A G ( 6 0  ) ,  S U P ( 6 0 )  . B ( 6 0 )
C
N = M 
NN = N - 1
S U P ( 1 >  = SUP ( I  ) / O I A G U  )
B(  11 = B(  1 ) / D I A G ( 1 )
DO I S  I = 2  » N 
1 1 = 1 - 1
------------- DECOMPOSE A TO FORM A = LU WHERE L I S  LOWER TRI ANGULAR*
AND U I S  UPPER TRIANGULAR ---------------------
D I A G ( I )  = D I A G ( I )  -  S U P ( I I ) * S U B ( I  I )
I F ( I . E Q *  N )  GO TO i n  
S U P ( I >  = S U P ( I )  /  D I A G ( I )
C------------ COMPUTE Z WHERE LZ = B
10 B ( I ) =  ( B { I ) -  S U B ( I I )  * B ( I I ) ) /  D I A G ( I )
C------------ COMPUTE X 3 Y SACK S U B S T I T U T I O N  WHERE UX = Z
DO 2 C K = 1 , NN  
I = N -  K 
2 0  B ( I ) = B ( I ) - S U P ( I )  * 8 ( 1 + 1 1  
RETURN 
END
T R I D 10
TR ID 2 0
TR ID 3 0
TR ID 4 0
TR ID 5 0
TR ID 6 0
TR ID 7C
TR ID SO
TRI D 9 0
T R I D 1 0 0
TR ID 1 i n
TR ID 1 2 0
TR ID 1 30
T RI D 1 4 0
TR ID 1 5 0
T RI D 1 6 0
TR ID 1 7 0
TR ID 1 8 0
TR ID 1 9 0
TR ID 2 0 0
TR ID 21 ?
TR ID 2 2 0
TR ID 2  3 0
TR ID 2 4  C
TR ID 2 5 0
T R I D 2 6 0
TR ID 2 7 0
TRI D 2 8 0
T RI D 2 9 0
T RI D 3 0 0
TR ID 3 1 0
TR ID 3 2 0
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n 
n
FUNCTI ON QUAD { X , F X , I >
* *  TRAPEZOIDAL QUADRATURE FUNCTI ON
DI MENS I ON X ( e O ) , F X C 6 C »
D X = X { I ) - X ( I - l )
QUAD = ( D X / 2 . 0 )  * ( F X ( I ) + F X ( I - l )  )
RETURN
END
QU 10
QU 2 0
* *  QU 30
QU 4 0
QU 5 0
QU 6 0
QU 7 0
QU 8 0
' QU 9 0
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052
FUNCTI ON C l  ( O X , O X 1 I C 1 10
C l  = D X l / D X / l D X + D X l ) C l 2 0
RETURN C 1 3 0
END C 1 4 0
251
C 2 10
FUNCTION C 2  ( D X * D X l > C2 2 0
C 2 =  ( D X - D X I J / O X / O X I C 2 30
RETURN C2 4 0
END
252
FUNCTI ON C 3 ( O X , 0 X 1 ) C3 1 0
C 3 = - 0 X / 0 X 1 / ( D X + O X t ) C3 2 0
RETURN C 3 3 0
END C 3 4 0
253
FUNCTI ON C 4  C D X . D X 1 )  
C 4 = 2 * D C / 0 X / ( D X + D X I ) 
RE TURN 
END
C4 10
C4 2 0
C4 3 0
C4 4 0
254
C 5  10
FUNCTI ON C 5  IDX » DXl  ) c 5  2 0
C 5 = - 2.00/0 X / D X l  c 5 30
RETURN C 5  4 0
ENO
255
FUNCTION C 6  ( 0 X * D X 1 )  C6  10
C 6 = 2 * 0 0 / D X 1 / ( D X + D X I ) C6
RETURN C 6  30
END C 6  4 0
roUlO'
BLOCK DATA DATA 10
COMMON / F  I N V /  NHVL, M H V C , F H V C ( I 2 )  ,  0  J ( 9  ) * HV J ( 9  ) ,Z KZ DATA 2 0
COMMCN / F R S T R M /  U I N F ,  R I N F ,  U I N F 2 ,  R ,  R E .  L X I , IT M, I EM, NETA DATA 3 0
C O M M O N / G U E S S / T G I ( 6 0 ) , T G 2 ( 6 0 ) DATA 4 0
C 0 M M C N / P R 0 P 1 / P I  ( 6 0  , R H C ( 6 C ) ,  T ( 6 0 > « AMW( 6 0 )  . C ( 2 0 . 6 0 ) . E C ( 5 , 6 0 ) DATA 5 0
C 0 M M G N / P R Q P 2 /  M U ( 6 0 )  , R M ( 6 C )  . A K { 6 0 ) DATA 6 0
C O M M C N / P R O P 3 / C P S ( 2 C . 6 0 ) , H S ( 2 0 . 6 0 ) . C P  ( 6 0 ) , H M ( 6 0 ) DATA 7 0
COMMCN/ NUMBER/ NSP. NN S » NE. NC DATA 3 0
C 0 M M O N / E L E P / L S P ( 5 ) DATA 9 0
C O M M O N / I D / S P ( 2 0 ) , E L ( 5 ) DATA 1 0 0
COMMCN/ WT/ SMf t ( 2 0 ) , A * T ( 5 > DATA 1 10
COMMCN / B L O C K 1 / V I  ( 2 0  ) .  V2 ( 2 C  ) , V3 ( 2 0  ) DATA 1 2 0
COMMC N/ B LO CK 3 / K 1 ( 2 0 ) , K 2 { 2 0 ) DATA 1 3 0
COMMON/ EQ1/ A I ( 2C > ,  6 1 ( 2 0 ) .  C I ( 2 0 ) .  D I ( 2 0 ) ,  E I ( 2 C ) ,  F I  ( 2 0 ) ,  GI ( 2 0  ) . DATA 1 4 0
X AI I ( 2 0 )  , RI ' I  ( 2 0  ) . C M  ( 2 0  ) , D I  I (  20  ) , E I  I ( 2 0  ) , F I  I (  2 0 )  ,  GI I (  2 0 DATA 1 5 0
CCMMCN/E Q 2 / A  A( 2 0 . 5 )  , I C 0 D E ( 2 C > DATA 1 6 0
C O M M O N / E Q 3 / I A ( 2 0 , 5 ) d a t a 1 7 0
REAL K 1 . K 2 DATA 1 8 0
COMMCN/ CK/ I  SN(  2 0 )  »My*T{ 1 9  ) DATA 1 9 0
REAL MWT DATA 2 0 0
d a t a  i s n / DATA 2 1 0
1 1 1 .  8 ,  1 9 .  1 2 .  2 0 ,  1 4 ,  1 3 .  1 8 ,  1 0 ,  9 , 2  ,  4  ,  6  , DATA 2 2 9
2 3 ,  5 ,  7 ,  1 5 ,  1 6 ,  1 7 .  1 / DATA 2 3 0
DATA MV»T/ DATA 2 4 0
1 2 8 . 0 1 1 ,  1 2 * 0 1 1 ,  2 4 . 0 2 2 .  3 6 . 0 3 3 ,  1 2 . C 1 1 .  2 5 . 0 3 0 . 2 6 . 0 1 9 ,  2 7 . 0 2 7 , DATA 2 5 0
2 G 2 . C 1 6 ,  0 1 , CO S .  2 8 . 0 1 6 ,  1 4 . 0 0 8 .  1 4 . 0 0 8 ,  1 6 . 0 0 0 , 1 6 . 0 0 0 ,  . 0 0 0 5 4 8 6 . DATA 2 6 0
3 2 6 . C 3 e .  3 7 . 0 4 1 ,  4 9 . 0 5 2 / OATA 2 7 0
DATA N E T A / 9 / DATA 2 8 0
DATA RHO / 2 5 . 1 , 1 4 . 3 , 8 . 8 5 , 6 . 5 0 . 4 . 3 7 , 3 . 0 1 , 2 . 4 9 , 2 * 1 7 , 1 . 9 0 ,  1 . 6 7 ,  1 . 4 6 , DATA 2 9 0
1 1 * 2 9 , 1 .  1 6 , 1 .  0 8  . 1 . 0 3 , 1 . 0 0 , 4 4 * 1 . 0 / DATA 3 0 0
DATA RM / I  0 . 0 . 7 . 7 1  , 5 . 8 9 , 5 . 1 0 , 4 . 1 8 , 3 . 5 4 . 3 . 3 1 , 3 . 1 0 , 2 . 8 3 , 2 . 4 8 , 2 . 0 9 , DATA 3 1 0
1 1 . 7 2 . 1 . 4 2 , 1 . 2 2 , 1 . 0 9 , 1 . 0 2 , 4 4 * 1 . 0 / DATA 3 2 0
DATA TGI /  . 1 0 3 3 . . 2 2 9 4 . . 3 5 3 1 , . 4 7 1 9 , . 5 7 7 7 , . 6 5 3 1 , * 6 3 6 7 , . 7 0 3 4 , . 7 1 4 5 , DATA 3 3 0
1 .  7 2 3 6 , .  7 3  2 1  7 4 0 1  , . 7 4  7 9  , .  7 5 5 4  ,  •  7 6 2  3  , .  7 6 9 9  ,  . 7  7 5 9 , • 7 8 3 6 . . 7 9 0 2 . DATA 3 4 0
2  . 7 9  6 7 , . 8 0  3 0 , . 8 0 9 2 . • 8 1 5 3 , ♦ 8 2 1 3 , . 8 2 7 2  , . 8 3 3 1 . . 8 3 8 9 . • 8 4 4 7 , . 8 5 0 4 . DATA 3 5 0
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3 •  8 5 6 2 . . 8 6 1 9 . . 8 6 7 6 , *  8 7 3  4 . . 3  7 9 1  . . 8 8 5 0  , . 8 9 0 8 . . 8  9 6  8 . . 9 0  2  8 , . 9 0  8 9 , DATA 3 6 0
4 . 9 1 51 . . 9 2  1 5 . .  9 2  8  C . .  9 3 4 7 , .  9 4  1 7  . . 9 4 8 8  . . 9 5 6 3 . . 9  6 4 1 , . 9 7 2 3 , . 9 8 0 9 , DATA 3 7 0
c •  9 9  C l . 1 0 4 1 . 0 / DATA 3 8 0
DATA TG2 /  •  2 3 2 5 . . 3 3 2 5 , . 3 3 2 5 , . 3 3 2 5 , . 3 3 2 5 , . 3 3 2 5 .  . 3 3 2 5 ,  . 3 3 2 6 . . 3 3 2 8 . DATA 3 9 0
1 • 1 3 31 , .  3  3 3 6  , .  3 3 4 4 , .  3 3  5 7 , .  3 3 7  3 . . 3  4 0 8  , . 3 4 5  2 . • 3 5 1 5 . . 3 6 0 1 , . 3 7 1 8 , DATA ACC
2 • 3 B 7 3 . . A 0 7 6 • • 4 3 3 5 , . 4 6 6 5 . . 5 0  7 5 , . 5 5 6  0 * . 6 9  5 4 . . 6 4 8 7 , . 6 8 5 7 , . 7 1 6 1 , DATA 4 1 0
3 •  7 4  C 4 , .  7 5 5 5 .  . 7 7 4  9 ,  . 7 8 7 3 ,  . 7 9  9 3  ,  . 8  1 0 0  . .  82C. 3 . , 8 3 0  2 , . 8 3 9 9 , . 8 4 9 6 , DATA 4 2 0
4 • £ 5 9 4 , . 8 5 9 3 £ 7 9  7 , . 8 5  0 4 , . 9 0 1 9 , . 9 1 4 2 , . 9 2  7 8 , • 9 4 7 6 , . 9 6 0 9 , . 9 7 5 7 , DATA A3C
c . 5 3 7 7 , 1 0 7 1 . 0 / OATA
DATA
4 4  C 
4 5 "
DATA N S P . N N S . N E . N C / 2 0 , 0 , 5 , 2  0 / DATA 46C
DATA S P /  * 0 2  • , * N2 • ,  • □ * ,  • N ■ * * 0 +  * , OATA 4 7 0
1 • N+ * , " E -  • ,  * C • ,  • H ■ .  * H2 ■, DATA 4 8 0
2 ■CO * .  * C 3 —G * ,  • C N ■ ,  ■C2H • .  * C 2 H 2 • , DATA 4 9 0
3 * C3H * ,  * C4H » .  ■HCN * ,  * C2 • ,  ■C+ ■ / DATA
OATA
5 0 0
5 1 0
DATA S M W / 3 2 . 0 0 0 .  2 8 . 0 1 6 ,  1 6 . 0 0 0 .  1 4 . 0 0 8 .  1 6 . 0 0 0 . DATA 5 2 0
1 1 4 . " 0 8 ,  5 . 4 8 6 E - 4 ,  1 2 . C 1 1 ,  1 . 0 C 8 ,  2 . 0 1 6 , DATA 5 3 0
2 2 8 . 0 1 1 ,  3 6 . 0 3 3 ,  2 6 . 0 1 9 ,  2 5 . 0 3 0 ,  2 6 . 0 3 8 , DATA 5 4 0
3 3 7 . 0 4 1 ,  4 9 . C 5 2 ,  2 7 . 0 2 7 .  2 4 . 0 2 2 ,  1 2 . 0 1 1 / DATA 5 5 0
DATA 5 6 0
DATA V l / C . 1 6 5 3 E  0 1 , 0 . 9 7 C 4 E  0 0 . 0 . 1 5 1 9 E  0 1 , 0 . 2 5 3 4 E  0 0 . 0 . 0  . DATA 5 7 0
1 0 .  0 , 0 . 0  , 0 . 1  9 9 7  E 0 1 ,  "* 2 9 4 1 E 0 0 , - . 7 9 4 4 E - 0 1 , DATA 5 8 0
2 0 . 2 4 0 4 E  0 1 , 0 . 2 0 1 9E 0 1 . 0 . 2 4 0 4 E  0 1 , 0 . 2 4 0 4 E  0 1 , C . 1 3 9 6 E  0 1 . DATA 5 9 0
3 0 . 2 0 1 9 E  0 1  . 0 . 2 C 1 9 E  01 . 0 . 1 3 7 8 E  0 1 . 0 . 1 9 3 1 E  0 1 , 3 . 0  / DATA
DATA
6 0 0  
6 1 C
DATA V 2 / C .  1 4  5 6 E — 0 2 , 0 . 1 6 1 3 E - 0 2 , C . 1 8 7 5 E - G 2  , 0 . 2  2 0 5 E - 0 2 , 0 . 5 0  0 C E —0 3 , DATA 6 2 0
1 0 .  5 0  0 C E - 3 3 ,  0 . 5 C O C E - 0 3 . 0  . 1 7 7  2E-C-2 , 0 . 8 8  9 3  E—0 3 , 0 . 7 9 9 7 E —0 3 , DATA 6 3 0
2 0 .  1 3 6 3 E —0 2 , 0 . 1  I 7 9 E —0 2 , 0 . 1 3 6  3 E—0 2 , 0 . t 3 6 3 E—0 2 . 0 . 8 4 2 3 E —0 3 , DATA 6 4 0
3 C . 1 1 7 9 E - 0 2 . 0 . 1 1 7 9 E - 0 2 . 9 . 9 6 5 1 E - 0  3 . 0 * 1 3 9 3 E - 9 2 . 0 * 5 0 0 0 8 - 0 3 / DATA
DATA
6 5 0
6 5 0
DATA V 3 / —. 2 2 7 6 E - 9  7 , - . 1 9 1 6 E - 0 7 , 2 2 2 8 E - 0 7 3 7  3 7  E—0 7 , —. 1 0 0 0 E —0 7 , DATA 6 7 0
1 - • 1 0 0 0 E —0 7 . 1 OOOE—0 7 , —. 3 3 7 8 E —0 7 , —* 8 1  1 1 E - 0 8 . - . 8 8 6 4 E - 0 8 . DATA 6 8 0
2 - . 2 1 8 4 E  —0 7 ,  — . 1 6 5 5 E —0 7 ,  —. 2 1 8  4 E —0 7 , —. 2 1 8 4 E —0 7 , —. 6 9 3 9 E —0 8 , DATA 6 9 0
3 - •  1 6  5 5 E - 0  7 , - . 1 6 5 5 E —0 7 , —• 9 4 8  I E —0  8 » —• 2 5  7 5 E—0 7 , - • 1  OOOE—9 7 / DATA 7 0 0
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c
OATA A I / 0 . 3 3 1 6 E  01 0 . 3 2 2 IE 01 C 267CE 01 0 2 4 7 4 E  0 1 . 0 24 9  IE 0 1 ,
DATA
DATA
710
72C
1 0 . 2 7 2 7 E  01 0 . 2 5 0 0 F  01 0 26 12E 0 1 A 250 OE 0 1 . 0 3358E 0 1 . DATA 7 30
2 0 . 3 2 5 4 E  Cl 0 . 4 0 0 2 E  01 0 341 IE 01 0 3485E  0 1 , 0 3 8 9 1 E 0 1 , DATA 740
3 0 .  396 5E Cl 0 . 5 8 7 4 E  Cl 0 3654E  Cl A 4 4 4 3E 0 1 , 0 2609E 9 1 / DATA 750
c
DATA B I / 0 , 1 1 5 I E - 02 C .9 0 7 8 E - O 3 19 7 0 E —93 0 9 0 9 7 E —0 4 , 0 2 7 6 2 E - 0 4 ,
DATA
DATA
760
770
1 — * 2 02 OE- 03 0 . 3 4 4 0 E - C 6 - 2 0 3 C E - 9 3 - 8  24 3 E -0  6 , 0 2794  E—9 3 , DATA 7.90
2 9 . 9 6 9 8 E - Q 3 0 . 3 5 4 1 E - 0 2 0 4 8 9 7 E - C 3 0 356 3 E -C 2 .C 5 7 1 7 E - G 2 . DATA 79 C
3 0 . 6 2 7 0 E - 0 2 0 . 7 4 0 3 E - 0 2 ft 3 4 A 4 E - 0 2 - 288 5E—C 3 ,  — 1393E—0 3 / DATA 800
c
DA TA C l / - . 3 7 2 6 E - 9 6 —• 2 9 0 7 E —06 0 7 1 9 3 E - 0 7 7 81 4E-0 7 ,  - 1 98 1E—0 7 ,
OATA
DATA
810
820
1 0 . 1 l O S E - ^ e - * 1 9 5 4 E - 0 9 0 10 9 5 E - 0  6 9 64 2  IE —09 * 0 9 3 7 2 E —0 7 , DATA 830
2 — . 2 6 4  7E— C 6 13 18E-C5 o 1 9 0 5 E - 0 6 - 12 3 7 E —9 5 » — 1 9 5 7 E - 0 5 , DATA 840
3 - . 2 2 6 5 E - C 5 -»  2 7 2 9 E —05 - 1 2 5 8 E —05 0 3 0 3 6E—9 6 ,  0 5 9 5 9 E —0 7 / DATA 850
c
DATA D I / 0 . 6  1 8 6 E - 10 0 . 3  9 3 8 E - 1 0 89 0  I E - 1  1 o 2 2 1 8 E - 1 0 . 0 380 7E—1 1 ,
DATA
DATA
860
079
1 - . 1 5 5  I E - 1C 0 . 3 9 3 7 E —13 - 1 6 9 5 E - 1 0 - 1 7 2 0 E - 1 2 . - 2 9 4 8 F - 1 0 , DATA 880
2 0 . 3  9 3 7 E - 1 0 0 . 2 0 6 4 E - 0 9 - 3 4 7 3 E —10 0 1 86  6 E—0 9  , 0 2 9 3 1 E - 0 9 , DATA 890
3 9 . 3 7 1 7 E - C 9 0 . 4 4 3 7 E - 0 9 0 2 1 6 9 E - 0 9 - 6 2 4 4 E - 1 0 , — 1 0 3 7 E - 1 0 / DATA 909
c
DATA E l / - *  3 6 6 6 E —14 —• 2 0 0 0 E - 1 4 0 40 0 2 E - 1 5 148 9 E - 1 4 . - 1028E—1 5 ,
DATA
DATA
910
920
1 0 . 7 8 4  7 E - 1 5 - • 2 5 7 3 E —17 ft 8 5 9 0 F —15 0 1 45 7 E - 1 6 ,  C 214 IE—1 4 , DATA 9 30
2 - . 1 1 7 7 E - 1 4 - • 1 1 4 4 E - 1 3 0 23  6 1 E—14 - 1 0 1 3E—1 3 , — 1 5 8 5 E - 1 3 . DATA 940
3 — • 2  262E—13 2 6 3 7 E - 1 3 - 1 4 3 0 E - 1 3 A 3 9 1 5 E - 1 4 . 0 6 3 4 5 E —1 5 / DATA 950
c
DATA F I / - . 1 0 4 4 E  04 1043E 04 o 2 9 1 5 E  0 5 0 56C9E 0 5 . 0 1879E 0 6 ,
DATA
DATA
960
970
1 0 . 2 2 5  4E 06 - • 7 4 5 0 E  03 0 85 4 2 E  05 0 2547E  0 5 , - 1013E 0 4 , DATA 980
2 — > 1434E 05 0 • 94 23E 05 0 47 4 5 E  0 5 ft 58 0 9 E  0 5 , 0 259CE 0 5 , DATA 990
3 0 . 6 2 8 3 E  05 0 . 7 6 0 5 E  05 A 1442E 05 0 97 8 7 E  0 5 . 0 2168E  0 6 / DAT A 10 00
c
DATA G I / 0 . 5 3 9 3 E  01 0 . 4 3 2 6 E  01 0 45 0 4 E  01 0 4 30 OE 0 1 , 0 4424E 0 1 ,
DATA1O10 
DAT A 10 20
1 0 . 3 6 4 5 E  Cl —. 1 1 7 3 E 02 0 4 1 4 4 E  01 - 461 2E 00 3548E  0 1, DATA 1030
2 9 . 4 0 7 5 E  Cl 0 . 2 0 2 0 E  01 0 4746E  01 0 4 7 8 4E 0 1 , 0 6 5 2 0 E  0 0 , DATA 10 40
3 0 . 3 4 6 7 E  01 —. 4 0 1 0 E  01 0 2 3 7 3 E  01 - 1 C90E 0 1 . 0 3709E  0 1 / DATA 105C
ro
i nvo
c
DATA A l l  / 0 • 3 7 2 1 E 0 1 , 0 3 7  2 7 E 0 1 . 0 2 5 4 3 E  0 1 0 . 2 7 4 6 E  0 1 0 2 9 4 4 E  C l ,
DATA 1 0 6 0  
OATA1 0 7 0
1 0 . 2 4 9 9 E  0 1 , 0 2 5 0 B F  0 1 , 0 2 1 4 1 E 0 1 0 • 3 9 3 4E 0 1 r\ 3 3 6 3 E  0 1 , DATA 1 0 8 0
2 0 . 3 3 6 6 E -  01  , 0 2 2 1 3 F  0 2 , C 3 4 7 3 E  0 1 0 *  5  30 7E 0 1 0 6 7 8 9 E  0 1 , DAT A 10 9 0
3 0 , 3 9 6  55  0 1 . 0 5 S 7 4 E  0 1 . 0 3 6 5 4 E  0 1 0 • 4 0 2 6 E  0 1 0 2 5 2 8 E  3 1 / DATA 1 1 0 0
c
DATA B I  I / 0 , 4 2 5  4 5 - 0 3 , 0 4 6 8 4 E - 0 3 , - 5 9 5 2 E - 0 4 — • 3 9 0  9 £ —0 3 4 1 0 8 E - C  3 ,
DATA 1 1 1 0  
DATA 1 1 2 0
1 - . 3 7 2 5 E - 0 5 , - 6 3 3 2 E - 0 5 , 0 3 2 1 9 5 - 0 3 - •  1 7 7 6 E - 0 2 0 4 6 5 6 E - 0 3 , DATA 1 1 3 0
2 0 . S C 2 7 E —r 3 , — 1 7 5 9 E - 0 1 , 0 7 3 3 7 E - 0 3 o .  e 9 6 6 E - C 3 0 1 5 0 3 5 - 0 2 , DATA 1 1 4 0
3 0 ,  6 2 0 0 E - C 2  , 0 7 4 0 3 E - 0 2 , C 3 A 4 4 E - 0 2 0 . 4  8 5 7  E—0 3 0 4 8 6 9 E - 0  5 / DATA 1 1 5 0
c
DATA C I I / - . 2 9 3 E E - 0 7 , - 1 1 4 D E - 0 6  , 0 2 7 0 1 E - 0 7 0 * 1 3 3 8 E - 0 6 c 9 1 5 6 E - 0 7 ,
DATA 1 1 6 0  
DATA 1 1 7C
1 0 .  1 1 4 7 E - C 7 , 0 1 3 6 4 E —0 8 , — 5 4 9 8 E - 0 7 C . 6 0 1 3 E - 0 6 - 5 1 2 7 E - 0  7 , DAT A l l  8 0
2 — •  1 9 6  EE— 0 6 , 0 5 5 6 5 E - 0 5 , - 9 0 8 8 E - 0 7 1 3 7 8 E - 0 6 - 2 2 9  5 E — 0 6 , DATA 1 1 9C
3 - • 2 2 6 5 E - 0 5 , - 2 7 2 9 E —0 5 , — 1 2 5 8 E - 0 5 - . 7 0 2  6 5 - 0 7 - 7 0 2 6 E - 0  8 / DAT A 1 2 0 0
c
DATA D 11 / 0 ,  6 0 5 0 E — 1 2 , 0 1 1 5 4 E - 1 0 , - 2 7 9 8 E - 1 1 - • 1 1 9  I E —10 5 8 4 8 E - 1 1 .
DATA 1 2 1 0  
DAT A 12  2 0
1 - • 1  1 0 2 E - 1 1 , ~ 1 0 9 4 E - 1 2  ,  0 3 6 0 4 E - 1 1 - . 7 8 1  9 E - 1 0 0 2 8 0 2 E - 1 1 , DATA 1 2 3 0
2 0 , 1 9 4 C E - 1 C , - 6 7 5 8 E - 0 9  , 0 4 8 4 7 E —11 0 , 9 2 5  I E - 1  1 0 1 5 3 4 E - 1 0 , DATA 1 2 4 0
3 0 , 3 7 1 7 E - C 9 , 0 4 4  3 7 E - 0 9 . 0 2 1 6 9 E - 0 9 0 , 4 6 6 6 5 - 1 1 0 1 1 3 4 E - 1  1 / DATA 1 2 5 0
c
DATA E l  I / - • 5  I 8 6 E - 1 7 , - 3 2 9 3 E - 1 5 , 0 9 3 8 0 E - 1 6 0 • 3 3 6  9 E - 1 5 0 1 1 9 0  E— 1 5 ,
DATA 1 2 6 0  
DATA 1 2 7 0
1 0 *  3 0 7  3E—1 6 , 0 2 9 3 4 E - 1 7 , - 5 5 6 4 E - 1 6 0 . 3  48  2E — 1 4 - 4 9 0 5 5 - 1 6 , DATA 1 2 8 0
2 - , 5 5 4 9 E - 1 5 , 0 2 8 2 5 E - 1 3 , - 10 1 8 E - 1  5 2 2 7 8 E - 1 5 - 3 7 6 3 E - 1 5 , DATA 1 2 9 0
3 — • 2  2 6 2 E —1 3 , — 2 6 3 7 E - 1 3 , - 14  3 0  E — 13 1 1 4 2 E - 1 5 - 3 4 7 6  E ~ 1 6 / DATA 1 3 0 0
c
DATA F 1 1 / —• 1 0 4 4 E 0 4 , — 1 0 4 3 E  0 4 , 0 2 9 1 5E 0 5 0 . 5 6 0 9 E  0 5 0 1 8 7 9 E  0 6 .
DATA 1 3 1 0  
DATA1 3 2 C
1 0 . 2 2 5 4 E  C6  » — 7 4 5 0 E  0 3 , 0 8 5 4 2 E  0 5 0 . 2 5 4 7 E  0 5 - 1 0 1 8E 0 4 , DATA 1 3 3 0
2 - • 1 4 3 4 E  0 5 , C 9 4 2 3 E  0 5 , 0 5 4 2 0 E  0 5 0 . 5  8 0 9 E  0  5 0 2 5 9 0 E  0 5 , DAT A 1 3 4 0
3 0 • 6  2 9 3 E  0 5 , 0 7 6 0 5 E 0 5 . 0 1 4 4 2 E  0 5 0 . 9 7 8 7 E  0 5 0 2 1 6 8 E  0 6 / DATA 1 3 5 0
c
DATA G I I / 0 . 3 2 5 4 E  0 1 , 0 1 2 9 4 E  0 1 . 0 5 0 4 9 E  0 1 0 . 2  8 7  2E 0 1 0 1 7 5 0 E  0 1 ,
DAT A 1 3 6 0  
OATA1 3 7 0
1 0 , 4  9 5 0 E  C l , - 1 2 0 8 E  0 2  . 0 6 8 7 4 E  0 1 —. 8 5 9 8 E  0 1 - 3 7 1 6 E  0 1 , D A T A 1 3 8 0
2 0 . 4 2 6 3 E  0 1 . - 1 C 2 1 E  0 3 , 0 4 1 5 2 E  0 1 — •  5  28  8  E 0 1 - 1 5 3 9 E  0 2 , DATA 1 3 9 0
3 0 . 3 4 6 7 E  0 1 , - 4 0 1 OE 0 1 , 0 2 3 7 3 E  0 1 0 ,  1 0 9 0 E  0 1 0 4 1 3 9 E  0  1 / DATA 1 4 0 0
toa\o
cc
OATA K 1 / O « 1 C19E 0 1 . 0 . 6 5 4 1 E  0 0 , 0 . 1 2 5 0 E  0 1 , 0 . 1 2 8 1 E  0 1 . 2 . 6 0 0 0 E  0 1 ,
1 2 . 6 C 0 0 E  01 , 2 .  6 0 0 0 5  0 1 . 0 . 2 5 0 5 E  C 1 . 0 . 2 4 9 6 E  0 1 . 0 . 3 2 I I E  0 1 ,
2  0 . 8 5 8 9 E  0 0  * C* 6 3 C 4 E  0 0 , 0 * 8 5 8 9 5  0 0 . 0 . 1 1 2 6 5  0 1 . 0 . 1 1 2 6 E  0 1 ,
3  0 . 6 3 C 4 E  0 0 . 0 . 6 3 9 4 E  O C » 0 . 4 e 5 5 E  0 0 , C * 8 5 8 9 E  0 0  * 0 • 1 0 0 0 E - 0 4 /
DATA K 2 / C , 4 9 0  IE —0 3 , 0 , 6 4 5 7 E - 0 3 , 0 , 7 0 9  2 5 - 0  3 , 9  •  8 5  93 E - 9  3 , 0  .  GO 0 0  E-C 3 .
1 C , 0 0  0 0 5 - 0  3 , 0 , 9 C O C E - 0  3 , 0 , 7 4 7 9 E - 0 3 , 0 , 5 1 2 9 E - 0 2 , 0 • 5 3 4 4 E - 0 2 ,
2  C , G 2 3 3 E —C 3
"7
5 9 0 4 E —0 3 , 0 , 6 2 3 3 E —C 3 , 0 , 7 4  3 9 E - 0 3 , 0 , 7 4 3 9 E—0 3 ,
0 ,  5 3 0 4 E  — 0 3 , 0 , 5  3 0  4 E —0 3 , 0 , 8 7 1 4 E - 0 3 , 0 , 6 2 3 3 E - 0 3 , 0 , 7 3 5 0 E - 0 3 /
DATA I C O D E / 2 n * 0 /
OATA E L /  * 0 * .  
DATA AWT/  1 2 , 0 1 1 , 1 , 0 0 8 ,
• N* ,  ' O ' ,  • E* /
1 4 , 0 0 8 *  1 6 , 0 0 0 ,  5 , 4 8 6  E—4  /
DATA I A /  0 , 0 , 0 , 0 , C , 0 , C * 1 , C * 0 , 1 , 3 , 1 * 2 , 2 , 3 , 4 * 1 , 2 ,  1 ,
H 0,0,0,0,0,0,0.0,1,2,0,0, 0,1, 2,1,1, 1,0,0,
N 0 , 2 ,  0 , 1 ,  0 , 1 , C , 9  , 0 , 0 , 0 , 0 ,  1 , 0 ,  0 , 0 , 0 , 1 , 0 , 0 ,
0 2 , 0 , 1 , 0 , 1 ,  0 , C , 0 , 0 * 0 , 1 , 0 , C , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,
E 2 , 2 , 1  ,1 . 0 , 0 , 1  , 1  , 0 , 0 , 2 , 3 , 2 , 2 , 2 , 3 , 4 , 2 , 2 , 0 /
DATA L S P / 2 C , 9 . 6 . 5 , 7 /
OATA NHVL / 9 / »  NIHVC / 1 2 /
DATA FH VC / 5 . O .  6 . 0 ,  7 . 0 ,  8 . 0 ,  9 . 0 ,  1 0 . 0 ,  1 0 . 8 ,  1 1 . 1 ,
1 1 2 . 0 ,  1 3 . 4 ,  1 4 . 3 ,  2 0 . 0 /
DATA DJ / 0 . 6 ,  2 . 2 ,  1 . 5 ,  1 * 6 5 ,  1 * 4 ,  1 
DATA HVJ / 1 . 3 ,  2 . 7 ,  5 . 7 5 ,  7 * 5 7 ,  9 . 1 ,
DATA ZKZ / 7 »  2 6 E  —1 6 /
END
0 ,  1 . 2 ,  1 . 4 ,  1 . 0 /
1 0 . 4 ,  1 1 . 4 ,  1 2 . 7 , 1 3 . 9 /
DATA 1 4 1 0  
DATA 1 4 2 0  
DATA 1 4 3 0  
DATA 1 4 4 ?  
DAT A 14 50  
DATA 1 4 6 0  
D A T A 1 4 7 0  
DATA 1 4 8 0  
DATA 1 4 9 0  
DATA 1 5 0 0  
DATA 1 5 1 0  
DAT A 1 5 2 0  
DAT A 1 5 3 0  
DATA 1 5 4 0  
DAT A 1 5 5 0  
DATA 1 5 6 0  
DATA 1 5 7 0  
DAT A 1 5 8 0  
DATA 1 5 9 0  
DATA 1 6 0 0  
DAT A 1 6 1 0  
DATA 1 6 2 0  
DA T A 1 6 3 0  
DATA 1 6 4 0  
DATA 1 6 5 0  
D A T A 1 6 6 0  
DATA 1 6 7 0  
DAT A 1 6 8 0  
DAT A 1 6 9 0  
DATA 1 7 0 0
SUBROUTINE LRAD LRAD 1C
c LRAD 2 0
c LRAD 3 0
c * *  T H I S I S  A DRIVER PROGRAM FOR SUBROUTI NE TRANS WHICH CALCULATES **LRAD 4 0
c THE R AD I A T I V E  FLUX DIVERGENCE THROUGH A ONE—0 1 MpNSIONAL SLAB LRAD 5 0
c FOR A GI VEN TEMPERATURE AND S P E C I E S  D I S T R I B U T I O N LRAD 6 0
CO MMCN / SF L U X /  QR1 ( 3 ) LRAD 7 0
COMMON / T R N /  NUT( 6 0  > * F M C ( 1 2 , 6 0 > ,  F P C(  12 . 6 0  ) . LRAD SO
I. FM { 9  ,  6 0  ) * F P ( 9  *60  ) t L I N E S LRAD 9 0
COMMON / T E S T / E T Z ( 6 0 ) * IEZ LRAD 1 0 0
CPMMCN /  YL / E  TA { 6 0  ) , YGND<eO> LRAD 1 1 0
CO MMCN/PROP 1 / P I ( 6 0 ) » R H C ( 6 C ) ,  T ( 6 0 )  . AMW( 6 0 ) , C ( 2 0 , 6 0 > , E C ( 5 . 6 0 ) LRAD 1 2 0
C O M M O N / S I S / S Y ( 2 0 , 6 0 ) LRAD 1 3 0
COMMON / F R S T R M /  U I N F ,  R I N F ,  U I N F 2 ,  R * RE,  LXI ,  ITM,  I EM, NETA LRAD 1 4 0
COMMON / D E L /  D E L T A , D T I L , D T I L S LRAD 1 5 0
COMMCN / N O N / R D Z  ,MUCZ ,RMDZ . AKNF »HNF * CFNF LRAD 1 6 0
COMMON /MAI  M / K E E P , MAXE, MAXM, MAXD* I DG, MCGNV, ECCNV, D C O N V , L T , IAB LRAD 1 70
COMMCN / R F L U X /  E ( 6 C )  . I R A D , I  TYPE LRAD 1 s o
COMMON / NUMDEN /  S N D Q 2 ( 6 0 ) ,  S N D N 2 ( 6 C > ,  S N D O ( 6 0 ) , S N D N ( 6 0 t , LRAD 1 9 0
1 S NDE t  6 0  ) , S N D C ( 6 0 ) , LRAD 2 0 0
2 SNDH( 6 0 ) ,  S N D C 2 ( 6 0 ) ,  S N D H 2 ( 6 P ) , S N D C G I 6 0  I , LRAD 2 1 0
3 S N D C 3 ( 6 0  ) , S N D C 2 H ( 6 0 ) LRAD 2 2 0
COMMON / S P E C /  MF,  XMOL LRAD 2 3 0
c LRAD 2 4 0
DO 10 CI = 1 , 2 0 LRAD 2 5 0
DO ICCJ = 1 , N E T  A LRAD 26C
IOC S Y ( I , J )  = CC I , J > LRAD 2 7 0
DO 2 0  Cl = 1 , 2 0 LRAD 2 S 0
DO 2 0 0 J = 1 . NETA LRAD 29C
2 0  0 I F ( C ( I , J ) , L T » 0 » ) C ( I < J )  = 1 « E—2 0 LRAD 3 0 0
c LRAD 3 1 0
c * *  NETA = NUMBER OF ETA P OI N T S LRAD 3 2 0
c MF = 1 I F  S P E C I E  MOLE F RACTI ONS  ARE INPUT AND NUMBER DENS I TY LRAD 3 3 0
c TO BE COMPUTED LRAD 3 4 0
c 0  I F  S P E C I E  NUMBER D E N S I T I E S  ARE INPUT LRAD 3 5 0
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3 6 0
3 7 0
3 8 0
3 9 0
4 0 0
4 1 0
4  20
4  30
4 4 0
4 5 ?
4 6 0
4 7 ?
A80
4 9 0
5 0 0
5 1 0
5 2 0
5 3 0
5 4 0
5 5 0
5 6 0
5 7 0
5  80
5 9 0
6 0 0
6 1 0
6 2 0
6 3 0
6 4 0
6 5 0
6 6 0
6 7 0
6 8 0
6 9 0
7 0 0
NS = NUMBER OF S P E C I E S  TO BE INPUT  
L I N E S =  I I F  L I N E  CALCULATION I S  TO BE DONE
0 I F  ONLY CONTINUUM CALCULATION I S  TG BE DONE 
IDG = 0 ONLY F I NAL PRI NT I S  GIVEN
1 P R I N T  I S  GI VEN FOR EACH ETA 
9 9  CCMPLETE P R I N T
R = BODY RAD I US  ( F T )
DELTA = NONDIMENSICNAL S T A N D - O F F  DI STANCE
D T I L  = TRANSFORMED S TAND- OFF DI S TANCE
XMOL = 1 » C FOR RUN WITH MOLECULES
0 . 0  FOR RUN WITHOUT MOLECULES
XMOL = 0 ,  0  
XMOL- 1 . 0
* *  DETERMINE ETZ P O I N T S  
N 2 =  NETA —2  
K =0  
IE Z =0
DO 2 0  1 = 1 . N 2 , 2 
K=K+ 1
E T Z ( K )  = E T A ( I )
E T Z ( K + 1 )  = E T A ( N E T A - l )  
E T Z I K + 2 )  = E T A ( N E T A )
IE Z = K +1
* *  COMPUTE THE Y COORDINATE * *
Y O N D ( l )  = 0 . 0
SUM = 0 , 0
DO 3 0  K=2 »  NETA
DETA = E T A ( K  > - E T A ( K - l )
SUM = SUM + D E T A * ( l # / R H O ( K )  + l , / R H O ( K - l )  1 / 2 , 0  
YONDI K)  = D T I L  *SLM
3 0 CONTINUE LRAD 7 1 0
DELTA = YOND( NETA) LRAD 7 2 0
DO 4 0  K = 1 . N E T A LRAD 7 3 0
Y O N D( K)  = YOND C K ) / YOND( NET A ) LRAD 7 4 0
4 0 CONTINUE LRAD 7 5 0
C LRAD 7 6 0
L I N E  S= I LRAD 7 7 0
IDGS = IDG LRAD 7 3 0
IDG = 0 LRAD 7 9 0
CALL T R A N S ( 1 ) LRAD SCO
I DG= IDGS LRAD 8 1 0
c LRAD 8 2 0
c ** INDEX I S  NUVSER GI VEN S P E C I E  FGR US E  IN S TORI NG ARRAYS * * LRAD 8 3 0
c j = 0 2 LRAD 8 4 0
c 2 = N2 LRAD 8 5 0
c 3 — O LRAD 8 6 0
c 4 — N LRAD 8 7 0
c 5 — E - LRAD 8 8 0
c 6 = C LRAD 3 9 0
c 7 s H LRAD 9 0 0
c 8 = C2 LRAD 9 1 0
c 9 = H2 LRAD 9 2 0
c 1 C - CO LRAD 9 3 0
C ' 1 1 C3 LRAD 9 4 C
c 1 2 = C2H LRAD 9 5 0
c LRAD 9 6 0
c LRAD 9 7 0
DO3 0 0 1 = 1 , 2 0 LRAD 9 8 0
DO 3 0  0 J = I * NETA LRAD 9 9 0
3 0  0 C t I , J )  =  S Y { I ,  J1 L R A D 10 0 0
RETURN L R A D 1 0 1 0
END L R A D 1 0 2 0
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SUBROUTINE R AD I N RADI 1 0
COMMCN / D B U G / QLC( 6 0 ) *  QCL{ 6 0 ) *  Q L L C 6 0 ) . DQN ( 60 ) • QCCt 6 0  ) , RADI 2 0
1 B E E C ( 1 2 * 6 0  ) . FMUC( 1 2 . 6 0 ) , EF(  1 2 .  6 0  ) * RADI 3 0
2 E P ( 1 2  . 6 0 )  , T A U C ( 1 2  * 6 0  ) , B E E L 1 9 *  6 0  ) , RADI 4 0
3 Q C C P ( I H )  . WMV( 9 , 6 0  ) . G V M ( 9 , 6 0  ) , RADI 5 0
A EEM<9 . 6 0 )  * XLMM(9 . 6 0 )  . QLC P( 9  ) , RADI 6 0
5 QCL P ( 9 )  . Q L L P I 9  > , DELTA,  I Y ,  I Y Y , RAD I 7 0
6 WPP ( 9  , 6 0  ) * G P P ( 9 , 6 0 ) , E E P ( 9 , 6 0  ) , RAD I 8 0
7 XLPP ( 9  . 6  0 )  . F G ( 9  , 4  ) , GPC 9 * 4 ) , RADI 9 0
8 WN ( 9 * 4 )  . FMUL( 9  , 6 0 ) , S S M { 9 , 4 , 6 0 ) , RADI i o n
9 G G M I 9 . 4  * 6 0 ) , ET AM( 9 , 4  * 6 0  ) * S EM( 9 * 4 * 6 0 ) , RAD I 1 1 0
A T A U L ( 9 * 6 0 ) RADI 1 2 0
* *  GROUP 1 * 4 RAD I 1 3 0
WN'( 1 * 1 )  ~0 » RADI 1 4 0
F G { 1 . 1 ) = 0 . RAD I 1 5 0
G P < 1 * 1 I =0* RAD I 1 6 0
WN ( 1 * 2 ) = 1 8 * RADI 1 7 0
WM ( I , 3  ) =1 5 . RAD I 1 8 0
WN{ 1 , 4 ) = 5 * RADI 1 9 0
* *  GROUP 2  * * RADI 2 0 0
WN ( 2 , 1  ) = 3 .  0 RAD I 2 1 0
WN ( 2 * 2 9  = 5 .  0 RADI 2 2 0
W N ( 2 , 3 ) = 1 1 * 9 RADI 2 3 0
WN( 2  * 4 ) = 1 0 * RADI 24C
# #  GROUP 3 * * RADI 2 5 0
WN( 3 * 1 ) =C* RADI 2 6 0
F G ( 3 , 1 I = G . RAD I 2 7 0
G P ( 3 * 1 ) = 0 * RADI 2 8 0
WN ( 3 * 2 )  =2* 0 RAD I 2 9 0
WN( 3 * 3 ) = 0 * RADI 3 0 0
F G ( 3 * 3  )=C* RAD I 3 1 0
G P < 3 , 3 ) = 0 * RAD I 3 2 0
WN ( 3 * 4  ) =0* RADI 3 3 0
FG ( 3 * 4 >=C# RAD I 3 4 0
GP ( 3 * 4 )  =0* RADI 3 5 0
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c **
c **
c * *
c  * *
c * *
c **
GROUP 4 * *
W N ( 4 » 1  ) =C* 
F G ( 4 , 1 ) = 0 *
G P ( 4  .  1 ) = 0 .
WN ( 4 * 2  >=8« 0 
WN ( 4 * 3  ) =Zm 0 
WN ( 4  , 4  > =0*
FG ( 4 * 4 ) = 0 «  
G P < 4 , 4 > = 0 «  
GROUP 5 * #
WN<5 , 1  > = ? .
F G ( 5  »1 ) = 0 .
G P ( 5 » 1 ) = 0 *
WN ( 5 i 2  ) =1 4*  
WN t 5 « 3 ) = 4 * 0  
W N ( 5 * 4 ) = 1 «  0 
GROUP 6  * *
WN < 6  .  1 > = 1 . 0  
WN ( 6  i 2  > = 4 ,  0  
WN ( 6 , 3 ) = 1 3 , 0  
WN ( 6 . 4  I =2« 0 
GROUP 7 * *
W N ( 7 i l ) = 0 *  
F G ( 7 , 1 ) = C .
G P ( 7 i 1 ) = 0 .
WN ( 7  i 2  ) = 6 ,  0  
W N ( 7 « 3 > = 1 4 . 0  
WN ( 7  « 4  ) = 3* 0 
GROUP 8 * *
WN( 8 * 1 ) ~ 2 » 0  
WN ( 8  « 2  ) —2 »  0  
W N ( 8 , 3 ) = 1 1 .  
W N ( 8 , A ) = 1 5 *  
GROUP 9  * *
WN ( 9 * 1 )  =Q«
RADI 3 6 0
RAD I 3 7 0
RAD I 3 8 0
RAD I 3 9 0
RADI 4C0
RAD I 4 1C
RADI 4 2 0
RAD I 4 3 0
RAD I 4 4 0
RADI 4 5 0
RAD I 4 6 0
RADI 4 7 ?
RADI 4 3 0
RAD I a r c
RAO I 5 0 0
RAD I 5 1 0
RAD I 5 2 0
RADI 5 3 0
RADI 5 A ?
RADI 5 5 0
RADI 5 6 0
RADI 5 7 0
RAD I 5 3 0
RAD I 5 9 0
RADI 6 0 0
RADI 6 1 0
RAD I 6 2 0
RADI 6 3 0
RADI 6 A 0
RAD I 6 5 0
RADI 6 6 0
RADI 6 7 0
RADI 6 3 0
RADI 6 9 0
RADI 7 0 0
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F G ( 9 . I ) 
G P ( 9 * 1 )  
WN ( 9 , 2  ) 
WN ( 9  • 3 > 
WN( 9 * 4 1  
RE TURN 
END
0 .
0 .
1 . 0  
11 • 
1 0 .
RADI  7 1 0  
RADI  7 2 0  
RADI  7 3 0  
RADI  7 4 0  
RADI  7 5 0  
RADI 7 6 0  
RADI  7 7 0
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SUBROUTINE TRANS ( I S W ) TRAN 1 0
TRAN 2 0
- T H I S  I S A MODI FI ED V F RS I C N OF SUBROUTINE TRANS FROM K WILSON TRAN 3 0
TP AN S I S  DOCUMMENTED IN L ' * S C - 6 S 7 2 0 9  APRI L 6 9  ------------------------------------- TRAN 4 0
TRAN 5 0
COMMON / Z P I /  Z P O ( 6 ) ,  Z F M 6 ) , Z P H < 2 )  ,  Z P C ( 7 > TRAN 6 0
COMMCN / F I N V /  N H V L , N I H V C , F H V C ( 1 2 ) , D J ( 9 ) , H V J ( 9  ) , Z K Z TRAN 7 0
COMMCN / S F L U X /  QR1 ( 3 ) TRAN 3 0
COMMON / T R N /  N U T ( 6 0 ) *  F M C ( 1 2 , 6 0 ) , F P C  ( 12 , 6 0  ) , TRAN 9 0
I F M ( 9 , 6 0 ) ,  F P ( 9  , 6 0  ) ,  L I N F S TRAN 1 0 0
COMMCN / Y L / E  T A( £ 0 )  ,  Y D ( 6 C) TRAN 1 1 0
C 0 M M C N / P R 0 P 1 / P  ( 6 0 ) ,  RC6 C ) ,  T ( 6 0 ) , AMW( 6 0 ) , C ( 2 0 , 6 0 ) , E C C 5 , 6 C ) TRAN 1 2 0
COMMCN / F R S T R M /  U I N F ,  R I N F ,  U I N F 2 , X L  , RE, L X I ,  ITM,  IEM, NES TRAN 1 3 0
COMMON / D E L /  W ( 1 ) , D T I L » D T I L S TRAN 1 4C-
COMMCN / N O N / R D Z , M U D Z , R M D Z  * A K N F , H N F , C F N F TRAN 1 5 0
COMMON / MAI M / K E E P , M A X E , M A X M, MA X D ,  I D G , MCONV «E CONV, DCONV, L T , IAB TRAN 1 6 0
COMMCN / R F L U X /  E ( 6 C) , I RAC, I TYPE TRAN 1 7 0
COMMCN / R H /  DUD i D P H I , T O , RZ B , P D , HD, HT CT AL TRAN ISO
CQMMCN/WT/SMW( 2 0 )  , A W T ( 5 ) TRAN 1 9 0
COMMON / T E S T / E  T Z ( 6 C ) , IEZ TRAN 2 0 0
COMMON / N U M D E N /  S N D 0 2 ( 6 0 ) ,  S N D N 2 ( 6 0 ) ,  S N D 0 ( 6 C ) ,  S N D N ( 6 Q ) , TRAN 2 1 0
1 S NDE( 6 0  ) ,  S N D C ( 6 C ) , TRAN 2 2 0
2 SNDH( 6 0 ) ,  S N D C 2 ( 6 0 ) ,  S N D H 2 ( 6 0 ) ,  S N D C O ( 6 0 ) . TRAN 2 3 0
3 S N D C 3 ( 6 0 )  , SNDC 2 H ( 6 0 ) TRAN 2 4 0
COMMON / D B U G /  Q L C ( 6 0 ) ,  Q C L { 6 0 ) ,  Q L L ( 6 0 ) , D Q M  60 ) ,  QCC( 6 0  ) , TRAN 2 5 0
I B E E C ( 1 2 , 6 0 ) ,  F MUC( 1 2 , 6 0 ) V EM( 12 , 6 0  ) , TRAN 2 6 0
2 E P ( 1 2  , 6 0 )  * TAUC( 1 2 , 6 0 ) 9 B E E L ( 9 , 6 0  ) , TRAN 2 7 0
3 Q C C P ( 1 2 ) ,  WMM(9, 6 0 ) , GMM( 9 , 6 0 )  , TRAN 2 8 0
A E E M ( 9 , 6 0 ) ,  XL MM ( 9  , 6 0  ) , QLCPl  9 )  , TRAN 2 9 0
5 Q C L P ( 9 )  ,  Q L L P ( 9 ) , DELTA,  I Y ,  I Y Y , TRAN 3 0 0
6 WPP( 9 , 6 0 ) •  G P P ( 9 , 6 0 ) , E E P ( 9 * 6 0 ) , TRAN 3 1 0
7 X L P P ( 9 , 6 0 ) ,  F G < 9 . 4 ) . G P ( 9 , 4 ) , TRAN 3 2 0
8 WN( 9 , 4 ) ,  F MUL( 9 , 6 0 ) , S S M ( 9 , 4 , 6 0 ) , TRAN 3 3 0
9 G G M ( 9 , 4 , 6 C ) ,  E T A M ( 9 , 4 , 6 0 )  , S BM ( 9  ,  4  ,  6 0  )  , TRAN 3 4 0
A T AUL( 9 , 6 0 ) TRAN 3 5 0
tocna>
3 6 0
3 7 0
3 3 0
3 9 0
4 0 0
4 1 0
4 2 0
4 3^
4 4 C
4 5 0
4 6 0
470.
49C
4 9 0
5 0 0
5 1 0
5 2 0
5  30
5 4 0
5 5 0
5 6 0
5 7 0
5 3 0
5 9 0
6 0 0
6 1 0
6 2 0
6 3 0
6 4 0
6 5 0
6 6 0
6 7 0
6 8 0
6 9 0
7 0 0
4 
Cjj  
ro
COMMCN / S P E C /  MF,  XMOL
DI MENS I ON X K T { 6 0 )  ,  DQ( 6 C >
BANC AVERAGE ABSORPTI ON CROSS S ECTI ON ( E Q . A 2 )  * *
S I G M A < Z H , Z A , Z B . Z G ) =  ( ( 5 . OE+O3 * T 1 * Z G 4 Z K Z ) / B E ) *  ( E X P ( Z D L / T l )
L * Z H * ( Z A + Z B *  < Z H * * 2 ) / 3 . 0 >  +
T 1 * ( Z A + 2 . 0 * Z E * T 1 2 )  —T 1 4 E X P ( ( Z H - Z H V P ) / T 1 )
4 ( Z A + Z B * ( Z H V P - Z H ) * * 2 )  - T 1 * E X P ( { Z H - Z H V P ) / T 1 )  
* 2 . 0 4 Z B * T 1 4 ( Z H V F - Z H + T l >)
S I G M A 2 ( Z H , Z G  » Z E , Z Y ) = 7 *  2 6 E - 1 6  4 T 1 4 Z G 4  E X P ( ( —ZE + Z Y + Z D L > / T 1 ) / Z H * * 3  
GAMMA{ZX)= ( 1 , 0 + ( 1 , 5 7 C 7 9 6 3 4 Z X > 4 4  1 , 2 5  > * * ( - 0 . 4  )
XL AMB < Z X ) = ( 1 , 0 + Z X 4 E X P ( - Z X ) J / S Q R T ( 1 • 0 + 6 • 2 9 3 1 e 5  * Z X >
W( GROUP I / D  CORRELATION ( E Q . 8 B )  * 4
PH 1 1 (ZX> =  ( ATANt  1 • 5 7 0 7 9 6  * Z X >/ I • 5 7 0 7 9 6  )
FLUX DI VERGENCE OVERLAPPING FUNCTI ON ( E G . 9 2 )  4 *
P H I 2 ( Z X ) = E X P ( - Z X )
DO 4  CO 1 = 1 *  NE S 
T ( I ) =  T ( I ) *TD  
ZHVP =5 *  9 
Y I = 0 • 0
CONVER = 3 . 1 Q 3 7 5 E + 2 3  * P  ( I )  4RCZ  
S N D E ( N E S )  = CCNVER * C (  7 , N E S ) / SMW( 7 )
XNE = SNDE< NE S )
F N E = ( 4 . 7 1 E - 6  4  X N E * * ( 2 • 0 / 7 » 0 ) ) / < ( T ( N E S ) / 1 1 6 0 6 • ) 4 * ( 1 . 0 / 7 . 0 ) )
ZDL = A M I N K  0 .  2 0 , F N E >
DEBUG P R I N T  * 4
IF ( I D G . N E . O )  CALL BUGPR C l )
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
D E L T A = W ( 1 )  *  XL *  3 0 . 4 8 0 0 6 TRAN 7 1 0
CALL BUGPR <2> TRAN 7 2 0
6 0 C 1 CONTINUE TRAN 7 3 0
DO 9 1  L = 1 , N E S TRAN 74C
X K T ( L ) = T ( L ) / 1 1 6 0 6 . TRAN 7 5 0
T 1 = XKT( L ) TRAN 7 6 0
CALL 5ND < L > TRAN 7 7 0
C TRAN 7 8 0
c 4 * P A R T I T I O N  F U NC TI O N S  FOR H .  C .  N .  0  * * TRAN 79C
c TRAN 3 0  C
9 4 I F ( T I L ) . G T . 1 = 0 0 0 . )  GO TO 6 TRAN 8 1 0
c TRAN 8 2 0
c 4 * LOW TEMPERATURE * * TRAN 8 3 0
c TRAN 8 4 0
S U M H = 2 . 0 TRAN a sc
S U M C = 9 . 0  + 6 . 0  *  E X P ( - 1 . 2 6 4 / T 1 > + E X P ( - 2 . 6 B 4 / T I ) + TRAN 8 6 0
1 5 . 0  *  E X P I - 4 . 1 8 3 / T 1 ) TRAN 8 7 0
S U MN = 4 * 9  + 1 0 . 0  * E X P ( —2 . 3 8 4 / T 1 ) + 6 . C * E X P ( - 3 . 5 7 6 / T 1 ) TRAN 8 8 0
SUMO = 9 . 0  + 5 . 0  *  F X P I —1 . 9 7 5 / T 1  ) TRAN 8 9 0
GO TO 7 TRAN 9 0 0
c TRAN 9 1 0
c 4 * HIGH TEMPERATURE * * TRAN 9 2 9
c TRAN 9 3 0
e SUMH = 2 . 0 TRAN 9 4 9
S U M C = 2 . 7 1 8 1 8  + 6 . 4 0 6 7 7  * T ( L ) / 1 , 0 E 4  - 0 . 4 5 4 6 6  *  I T  I L ) / I • 0 E 4 ) 4 * 2 TRAN 9  50
SUMN = 5 . 9 3 8 2 1 6  -  0 . 2 2 5 5 9 3  * T ( L » / 1 . 0 E 3  + 0 . C 1 5 4 C 8  *  ( T ( L ) / 1 . 0 E 3 ) * *2TRAN 9 6 0
SUMO = l 1 . 7 9 5 6 3  - 0 . 3 1 7 9 6 4  *  T ( L ) / 1 . 0 E 3  + 0 * 0 1 3 7 6 5  *  ( T I L  > / 1 . 0 E 3 ) * * 2 TRAN 9 7 0
7 CONTINUE TRAN 9  80
T 1 2 = T 1 * 4 2 TRAN 9 9 0
GH =  6 . 4 9 9 4 TRAN 1 0 0 0
0 0  5  K = t . 1 2 TRAN 1 0 1 0
G F = F H V C ( K ) / T 1 TRAN 1 0 2 0
GHM=GH T R A N 10 3 0
GH =E X P ( —G F ) * GF  *  ( G F 4 4 2  + 3 . 0  * GF + 6 . 0  +  6 . 0 / G F ) T RA N1 0 4 0
c TRAN 1 0 5 0
N>•^ 1O
U 
U 
U 
O 
u 
u 
u
c  **
C
5 8  1
PLANK MEAN ABSORPTI ON C O E F F I C I E N T  FCR 0ANO INTERVALS ( E Q . A 3 )  * *
BE EC ( K , L ) = 5 «  0 4 E  3 * ( T I 2 * * 2 )  *  ( GhM- GH)
BE=BEEC t K» L )
5 8  2
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A 3 S 0 R P T I O N  
S O E C I E 5  ----
CROSS S EC TI ONS  * *
N
C
C
H
N2
02
C2
H2
CO
C2H
C3
SGH=C.
S G N = 0 .
SGC = 0 •
SGQ = D.
SGCO =0«
SGC2 = 0 •
SGO 2 = 0 •
S G N 2 = 9 ,
SG H 2  = 3 .
SGC 3 “ 9 .
SGC2H = C . C
GO TO ( 5 8 1 , 5 8 2 , 5 8 3 , 5 8 4 , 5 3 5 , 5 8 6 , 5 8 7 , 5 8 8 , 5 8 9 , 5 9 T , 5 9 1 , 5 9 2 ) . K 
SGH=SIGMA( 2 , 4 , 1 . Q , C . C , 1 , C) * E X P ( - 1 3 . 5 6 / T  1 >
S GC = S I GMA ( 3 , 7 8 ,  C.  3 ,  C . C 4 S 9 ,
SGN—SI GMA( 4 , 2 2 ,  0 * 2 4 ,  C . C 4 2 6 ,
SGO=SI GMA( 4 * 2 2 ,  0 . 2 4 ,  0 . 0 4 2 6 ,
GO TO 3 8  
ZZHV = 5 ♦ 5
S G C 2 = 8 . 0 E - 1 8  *  E X P { —C . 5 / T 1 ) + 
SGC 3 = 4 . O E - 1 8
CALL Z H V ( Z Z H V , Z Z O . Z Z N . Z Z I , Z Z C >  
SGC = SIGMA 2 ( ZZHV ,  1 . 3 3 .  1 1 . 2 6 .
SGN = SIGMA 2 ( Z Z H V . 4 . 5 0 ,  1 4 * 5 4 ,
1 . 3 3 )  * E X P ( - 1 1 . 2 6 / T I )
4 . 5 )  *  E X P ( — 1 4 , 5 4 / T 1 > 
. 8 8 8 8 3 8 9 )  * E X P ( - 1 3 . 6 1 / T 1 )
3 . 0 E - 1 8
3 1 
4,
7 3 )  
22 )
*
*
z z c
ZZN
+ SGC
TRAN 1 0 6 0  
TRAN 1 0 7 0  
TRAN 1 0 8 0  
TRAN 1 0 9 0  
TRAN 1 1 0 0  
TRAN 1 1 10. 
TRAN 1 1 2 0  
TRAN 1 1 3 0  
TRAN 1 1 4 0  
TRAN 1 1 5 0  
TRAN 1 1 6 0  
T R A N 1 1 7 0  
TRAN 1 1 8 0  
TRAN 1 1 9 0  
TR AN 1 2 0 0  
TRAN 1 2 1 0  
TR A N 1 2 2 0  
TRAN 1 2 3 0
TRA N1 2 4 0  
TRAN 1 2 5 0  
TRAN 1 2 6 0  
TRAN 1 2 7 0  
TRAN 1 2 9 0  
TRAN1 2 9 C  
TRAN 1 3 0 0  
TRAN 1 3 1 0  
TRAN1 3 2 C  
TRAN 1 3  30  
TRAN 1 3 4 0  
TRAN1 3 5 C  
TRAN 13  60  
TRAN 1 3 7 0  
T R A N 1 3 8 0  
TRAN 1 3 9 0  
TRAN 1 4 0 0
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4 , 2 2 )
a ,  4 0 )
E X P ( - 4 . 1 9 / T 1 ) / S U M C  
E X P ( — 0 ,  5 / T 1 )
5 9 4  SGO =SIGMA 2 (ZZHV* * 8 8 9 .  1 3 , 6 1 .
5 9 5  SGH=SI GMA2  ( Z Z H V .  1 , 0 0 .  1 3 , 5 6 .
GO TC 3 8
5 8 3  Z Z H V = 6 , 5  
S G C 2 = 1 . O E - 18
SGCO = 3 , OE—1 8  *  E X P ( - 0 , 7 / T 1 )
GO TO 5 9 3
5 8 4  ZZHV = 7 , 5  [
S G C = 5 ,  OE — 1 7 
SGCO = 1 • 9E -  17  
SGO2 = 6 , OE— 1 9  
SGC2H = 1> 3 E - 1 8  
GO TO 5 93 |
5 8 5  Z Z H V = 8 , 5  |
SGC= 5 , "E—1 7  * E X P ( - 4 , 1 8 / T 1 ) / S U M C
1 2 ,  2E- , 1  7 *  E X P ( —2 , 6 8 / T l  ) / SUMC
SGCO = 2 , 5 E - 1 7  
SG 0  2 = 2 ,  OE— 1 9  
SGC2H = 8 .  5 E - 1 9  
GO TO 5 9 3  
s e e  z z h v = 9 , 5
SGC= 5 ,  f'E— 1 7  *
1 2 , 2 E - 1 7  *
SGCO = 5 , OE-  1 8 
S G 0 2  = 1 • OE—1 8  
GO TO 5 9 3
5 8 7  S G N = 3 ,  2 E - 1  8 *T1 
S G 0 2  = 6#  OE—1 9  
ZZHV- 1 0 , 4
CALL Z H V < Z Z H V , Z Z O , Z Z N , Z Z I , Z Z C )
5 9 6  S G C = ( 8 , 5 E—1 7  * E X P ( - 1 . 2 6 / T 1 ) + 2 , 2 E - 1 7
1 + 5 , OE—1 7  *  E X P ( - 4 . 1 B / T 1 > > / SUMC
GO TO 5 9 4
5 8 8  ZZHV = 1 0 , 9
CALL Z H V ( Z Z H V , Z Z O . Z Z N , Z Z I , Z Z C )
* ZZO
E X P ( - 4 , 1 8 / T l ) / SUMC  
E X P ( - 2 , 6 8 / T l ) / S U MC
* E X P ( - l f , 2 / T l J / S U M N
* E X P ( — 2 , 7 5 / T 1 )
TRAN 1 4 1 0  
TRAN 1 4 2 0  
TRAN 1 4 3 0  
TRAN 1 4 4 0  
TRAN 1 4 5 0  
TR AN 1 4 6 9  
TRAN 1 4 7 0  
TRAN 1 4 3 0  
TRAN 149C  
T R A N 1 5 0 0  
TRAN 1 5 1 0  
TRAN 1 5 2 0  
TRAN1 5 3 C  
TRAN 1 5 4 0  
TRAN 1 5 5 0  
TRAN 1 5 6 0  
TRAN 15  70  
TRAN 1 5 8 0  
TRAN 1 5 9 0  
TRAN 1 6 0 0  
TRAN 1 6 1 0  
TRAN 1 6 2 0  
TRAN 1 6 3 0  
TRAN 1 6 4 0  
TRAN 1 6 5 0  
TRAN 1 6 6 0  
TRAN 1 6 7 0  
TRAN 1 6 8 0  
TRAN1 6 9 C  
TRAN 1 7 0 0  
TRAN 1 7 1 0  
TRAN 1 7 2 0  
TRAN 1 7 3 0  
TRAN 1 7 4 0  
TRAN 1 7 5 0
to-oto
5 8  9
59  8
5 9 0
5 9  9
5 9 1
5 9 2  
3 8
E X P ( — 3*  5 0 ) J / SUMN  
8 . 5 E - 1 7  * E X P ( —1 • 2 5 / T 1 )  
* E X P { - A * 1 8 / T 1 ) ) / S U MC  
TD 59ft
+ 2 . 2 E - 1 7  * E X P ( - 2 * 7 5 / T l
5 .  1 6 E - 1 7  *  E X P ( - 3 * 5 0 / T l  ) ) / S UMN
5 G N = ( 5  • 1 6 E - 1 7 * E X P ( - 3 . 5 0 / T 1 ) ) / S U M N  
GO TO 5 9 6  
ZZHV=1 1 * 6
CALL Z H V ( Z Z H V , Z Z O  . Z Z N . Z Z I . Z Z C )
SGN2 = 1 .  'IE— 1 8  
SGN = ( 5 *  J . 6E-1  7 *
5 G C = < 9 * o f - 1 7  +
L + 5 * 0 5 - 1 7
IF ( K . L T . l l )  GO 
GO TO 3 8  
ZZHV = I 2« 7
CALL ZHy (ZZHV , Z Z O . Z Z N , Z Z I , ZZC)
S G N 2 = 2 * ^ E - 1 8  
SGH2 = 2 . 7 E - 1 7
S G N = ( 6 . f t E - 1 7  * E X P ( —2 * 3 C / T 1 ) +
I + SGN
GO TO 5 9 8  
S G H = 1 •  1 3 F - 1 7 / S U M H  
S G0 =  3 * 6 E - 1 7 / S U M O  
SGN2 = 1 • OE—1 7  
SGH2 = 2 . 7 E - 1 7  
GO TO 5 9 9  
S G N = 3 . 6 E - 1 7 / S U M N  
S G N 2 = I • OE—1 3  
GO TO 5 9 9  
CONT INlfE
F M U C ( K , L ) =  SND H ( L ) *SGH + S N D C ( L | * S G C  + S N D N ( L ) * S G N  + S N D O ( L ) * S G O
1 + XMOL *  ( S N 0 N 2 ( L ) * S G N 2  + SND02C L ) * S G 0  2 +
2 SNDC 2  ( L ) * SGC 2 + SNDH2 ( L } * SGH2  +• SNCCCt L ) *S  GCO +
3 SNDC3 ( L ) * S G C 3  + S N D C 2 H ( L ) * S G C 2 H  )
IF ( L * G T * 1 )  GO TO 8
TAUC (K .L  ) - 0 *
GO TO 5
T A U C ( K . L ) =  TAUC( K . L —1 ) + ( YD( L ) - Y D ( L - 1 )  >*
1 ( F MUC ( K »L—1 ) +FMUC(K » L ) ) * DELTA
TRAN 1 7 6 0  
TRAN 1 7 7 0  
TRAN 1 7 3 0  
TRAN 1 7 9 0  
TR AN 1 8 0 0  
TRAN 1 8 1 0  
) TR AN 18  20  
TRAN 1 8 3 0  
TRAN18f t 0  
TRAN 1 8 5 0  
TRAN1 8 6 C  
TRAN 1 8 7 0  
TRAN 1 8 8 0  
TRAN1 R9 0  
TRAN 1 9 0 0  
TRAN 1 9 1 0  
TRAN 1 9 2 0  
TRAN 1 9 3 0  
TR AN 1 9 AO 
TRAN 1 9 5 0  
TRAN I 9 6 0  
TRAN 1 9 7 0  
TRAN 1 9 3 0  
TRAN 1 9 9 0  
TRAN20QC 
TRAN 2 0 1 0  
TRAN 20  2 0  
TRAN20  3C 
TRAN29AC  
TRAN2 0 5 0  
TRAN 2 0 6 0  
TRAN 2 0  7 0  
T R A N 2 0 8 0  
TRAN 2 0  9 0  
T R A N 2 1 0 0
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U
U
U
 
U
U
U
U
U
U
5  C O N T I N U E
I F  ( U N E S . E Q . O )  G O  T O  9 1
* *  F R A C T I O N A L  P O P U L A T I O N  S T A T E S  F O R  H .  N ,  O .  C  * *
C A L L  Z P  ( T 1 * S U M N . S L M O , S U M H . S U M C )
* *  C A L C U L A T I O N  O F  P A R A M E T E R S  F O R  9  L I N E  G R O U P E S  * *  
W N  —  N U M B E R  O F  L I N E S  
F G  —  E F F E C T I V E  F - N U M 8 E R  
G P  —  E F F E C T I V E  H A L F - W I D T H
GROUP 1
FG ( 1 , 2  
1 / W N
GP t 1 , 2  
1 +
FG t 1 , 3
1
G P ( t , 3
1
F G t 1 * 4
GP ( 1 , 4
t
F M U L ( 1 
C GROUP 2
FGt  2 ,  1 
GP ( 2  . 1 
F G < 2 , 2  
G P ( 2 * 2
1
F G ( 2  , 3  
GP ( 2  .  3
1
F G ( 2 * 4  
GPC2 , 4
• 7 9 5  * ZPCC6 ) O #  I  1 4  *  Z P C t  7  > )) = ( 1 * 0 2  * Z P C ( 5 )
( 1 * 2 )
> = { 3 « i e E - l l  *  S O R T ( Z P C ( 5 ) )  +  1 . 2 5 E - 1 0  * S 0 R T ( Z P C ( 6 > >
2 - S 5 E - 1 0  *  SORT C ZP C ( 7 ) ) > * * 2  / ( F G ( l . 2 > *  W N ( 1 , 2 ) * * 2 >
) = ( 1 • 0 4 0  *  Z P N ( 4  ) + 1 m 2 9  *  Z F N ( 5 )  + O. CO * Z P N ( 6 > )
/ WN( 1 , 3 )
) = ( 6 *  5 EE—11 *  S Q R T ( Z P N ( 4  > ) + 1 . 7 1 E - 1 C  *  S Q R T ( Z P N ( 5 ) >
+ O . C C E - I G  *  S Q R T ( 7 P N ( 6 ) ) ) * * 2 / ( F G ( 1 * 3 >  * WN( 1 , 3 1 * * 2 )  
> = ( 1 . 0 0  * Z P C ( 5  > + • 9 7 8  *  Z P G C 6 ) ) / W N ( 1 , 4 )
) = ( 3 . 9 0 E - 1 1  * S Q R T ( ZPO ( 5 ) )  + 9 . 6 8 E - 1 1  *  5 QRT( Z P O ( 6 > > ) * * 2
/ ( F G ( 1 , 4 >  * W N ( 1 . 4 ) * * 2 >
, L >=FMUC( 1 . L )
) = 0 , 8 0 5  * ZPH ( 2  ) / W N ( 2  . 1  )
) —2«  3 7 E —1 0  *  2 . 3 7 E - 1 C  * ZP H( 2 > / ( F G < 2 . 1 >  *  W N ( 2 , 1 > * * 2 )
> = ( 9 • 0 OE—2  * Z P C ( 5  > + 6 . 7 1 E - 2  * Z P C ( 6 )  > / WN{ 2 , 2 >
> = ( 0 *  0 0 E —12 *  S O R T ( Z P C 1 5 ) )  + 7 . 1 5 E - 1 1  * S OR T ( Z P C t 6 ) )  ) * * 2
/ ( F G ( 2 * 2 )  *  WN( 2 * 2 ) * * 2 )
> = ( 0 * 0 4 7 *  ZPN 14  > +  2 . 8 5 E - 2  *  Z P N ( 5 > ) / W N ( 2 , 3 )
) —( 1 • 1  I E —1 0  * SQRT CZPN( 4 )  > +  6 . 0 7 E - 1 1  *  S QR T ( Z P N ( 5 ) ) ) * * 2
/ ( F G ( 2 * 3 )  *  W N ( 2 , 3 > * * 2 >
> = ( * 0 2 1 7  *  ZP O( 4 )  +  8 . 2 5 E - 2  * ZP O( 5 > > / W N ( 2 , 4 >
> = ( 2 . 6 1 E - 1 1  *  S O R T ( Z P O ( 4 ) >  + 7 • 1 9 E —11 *  S Q R T ( Z P O ( 5 > ) > * * 2
T R  A N  2 1 1 0  
T R A N  2 1 2 0  
T R A N  2 1 3 0  
T R A N  2 1 4 0  
T R A N  2 1 5 0  
T R A N 2 1 6 0  
T R A N 2 1 7 C  
T R A N  2 1 8 0  
T R A N  2 1 9 0  
T R A N 2 2 0  0  
T R  A N  2 2 1 0  
T R A N  2 2 2 0  
T R A N 2 2 3 0  
T R  A N  2 2 4 0  
T R  A N  2 2 5 0  
T R  A N  2 2 5 0  
T R A N  2 2 7 0  
T R A N  2 2 8 0  
T R A N  2 2 9 0  
T R A N 2 3 9 0  
T R A N  2 3 1 9  
T R A N  2 3 2 0  
T R A N 2 3 3 0  
T R  A N  2 3 4 0  
T R A N  2 3 5 0  
T R A N 2 3 6 0  
T R A N 2 3 7 0  
T R  A N  2 3 8 0  
T R A N  2 3 9 0  
T R A N  2 4 0 0  
T R  A N  2 4 1 0  
T R A N 2 4 2 C  
T R A N 2 4  3 0  
T R  A N  2 4 4 0  
T R A N 2 4 5 0
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1 / ( F G < 2 , 4 >  *  H N { 2 , 4 ) * * 2 > T R A N 2 4 6 0
F M U L ( 2 » L ) = F M U C ( 1 , L > T R A N 2 4 7 0
G R O U P  3 T R A N  2 4 8 0
F G t 3 , 2 ) = ( 7 . 2 9 E - 2  *  Z P C 1 2 )  +  6 . 7 6 E - 2  * Z P C ( 3 )  ) / W N { 3 , 2 ) T R A N  2 4 9 0
G P ( 3  . 2 > =  t 9 . 0 8 E - 1 2  *  S Q R T ( Z P C t 2 ) )  +  8 . 7 5 E - 1 2 * S Q R T ( Z P C ( 3  ) > > * * 2 T R A N  2 5 0 0
1 / C F G ( 3 * 2 )  *  W N ( 3 , 2 ) * * 2 ) T R A N  2 5 1 0
F M U L ( 3 « L ) = F M L C ( 2  * L ) T R A N  2 5 2 0
G R O U P  4 T R A M  2 5  3 0
F j ( 4 , 2 )  =  ( I • 0  5  *  Z P C t l )  +  1 . 1 0 E - 2  * Z P C ( 2 )  + 0 . 1 5 0  *  Z P C t  3  > ) T R A N 2 5 4 0
1 / W N ( 4 , 2 ) T R A N  2 5 5 0
G P C 4 , 2 ) = ( 9 * 5 7 E - 1 2  *  S Q R T ( Z P C t l ) )  +  4 , 8 6 E - 1 2 * S Q R T ( Z P C t  2 )  ) T R A N  2 5 6 0
1 +  5 . 9 3 E - 1 0  *  S Q R T  (  Z P C  ( 3  ) )  )  # * 2 /  ( F G ( 4 , 2  > *  W N t  4 , 2 ) # * 2 ) T R  A N  2 5 7 0
F G ( 4 , 3 > = (  7 . 4 0 E - 2  *  Z P N  ( 2 )  +  6 . 3 4 E - 2  *  Z F M 3 ) ) / W N t 4 , 3 ) T R A N  2 5 8 f l
G P ( 4 * 3 ) = ( 8 . 2  2 E — 1 2  *  S Q R T (  Z P N  ( 2  ) )  +  7 . 6 0 E - 1 2 £ S Q R T ( Z P N  t  3 ) )  ) * * 2 T R A N  2 5 9 0
1 / ( F G ( 4 * 3 }  *  W N ( 4 , 3 ) * * 2 ) T R A N  2 6 0 0
F M U L ( 4 , L ) = F M U C ( 4 , L ) T R A N  2 6 1 0
G R O U P  5 T R A N  2 6  2 0
F G ( 5 , 2 ) = ( 0 . 3 2 9  *  Z P C  ( 1 ) +  C . . 1 1 S  *  Z P C ( 2 )  + 0 . 2 2 6  *  Z P C t  4 ) ) T R A N 2 6 3 0
1 / W N t 5 , 2 ) T R A N  2 6 4 0
G P  ( 5 » 2 ) = ( 3 . 6 5 E — 1 1  *  S Q R T ( Z P C t l ) )  +  5 . 7 7 E - 1 0 S Q R T  t Z P C (  2 ) ) T R A N  2 6 5 0
1 +  6 . 5 6 E - U  *  S Q R T  ( Z P C  ( 4 )  )  ) * * 2 / (  F G  ( 5 , 2 )  *  W N ( 5 . 2 ) * * 2 ) T R A N 2 6 6 0
F G ( 5  * 2  ) =  C . 1 0  8  *  Z P N ( 3 )  / W N ( 5  , 3 > T R  A N  2 6 7 0
G P ( 5  ,  3 ) = 3 .  9 9 E — 1 1  *  3 . C 9 E - 1 1  *  Z P N ( 3 ) / ( F G ( 5 • 3 ) if W N ( 5 , 3 ) * * 2 > T R A N  2 6 8 0
F G t 5 , 4 ) = 4 . 7 1 E - 2  *  Z P O (  1 J / W M 5  , 4  ) T R A N 2 6 9 0
G P ( 5 , 4 > = 5 . C 8 E - 1 2  *  5 . 0  8 E - 1 2  *  Z P O ( 1 ) / ( F G ( 5 . 4 ) if W N ( 5 . 4 > * * 2 ) T R A N 2 7 0 0
F M U L t  5  • L  ) = F M U C ( 6 *  L ) T R A N  2 7 1 0
G R O U P  6 T R A N  2 7 2 0
F G ( 6 , 1  > = 0 , 4 1 6  *  Z P H (  1 J / W M 6  , 1  ) T R A N  2 7  3 0
G P ( 6 , l ) = 3 . 0 2 E - 1 I  *  3 * 0 2 E - 1 1 *  Z P H ( 1 ) / ( F G ( 6 , 1 > * W N ( 6 , 1 ) * * 2 > T R A N  2 7 4 0
F G ( 6 . 2  ) = 8 . 6 5 E - 2  *  Z P C ( 1 1 / W N ( 6 , 2 ) T R A N  2 7 5 0
G P ( 6 * 2 ) = 2 *  3 5 E — 1 0  *  2 . 3 5 E - 1 0  *  Z P C ( 1  ) / ( F G ( 6 , 2 ) if W N t  6 , 2 ) * * 2 ) T R A N  2 7  6 0
F G ( 6  » 3 ) = ( 0 * 1 6 4  *  Z P N ( 1 )  +  0 . 2 9 0  *  Z P N ( 2 >  + 8 . 5 2 E - 2  *  Z P N { 3 ) ) T R A N  2 7 7 0
I  / W N ( 6 * 3 ) T R A N  2 7 8 0
G P ( 6 , 3 ) = ( 1 . 0 7 E - 1 1 *  S Q R T  ( Z P N ( l ) )  +  4 . 2 8 E - 1 1 *  SORT ( Z P N t 2  > ) T R A N 2 7 9 0
1 +  2 . 0 9 E - 1 0  *  S Q R T ( Z P N ( 3 ) > ) * * 2 / ( F G ( 6 , 3 ) *  W N ( 6 . 3 > * * 2 ) T R A N 2 8 9 0
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* Z P C ( 2 ) ) /WNt  7 ,  2 )
2 . 1 0 E - 1 C  *  S Q R T ( ZP Ct  2 ) ) ) * * 2
* Z P N ( 2 )
2 . 3 4 E - 1 0  *  S QRTIZ P N ( 2 )  )
F G ( 6  . 4 > = ( .  1 2 0  * Z P O 12 1 + 0 . 1 5 1  * Z F O t 3 ) ) / WN ( 6  * 4 )
G P ( 5 , 4 > = ( B . 8 5 £ - 1 2  * S O R T ( Z P Q ( 2  ) ) 4- 9 . 9 3 E - 1 2  * S Q R T ( Z P O l 3 ) ) ) * * 2
1 / ( F G ( 6 . 4 )  4  U N ( 6 , 4 ) * * 2 )
F M U L ( 6 . L ) = F M U C ( 7 , L >
GROUP 7
F G ( 7  , 2  ) = ( 4 . 5 1 E - 2  * Z P C t l )  4- 0 . 7 0 5
G P < 7 , 2 ) = { 6 . 0 7 E - 1 0  * S O R T ( Z P C t l ) )  +
1 / ( F G ( 7 , 2 )  * W N ( 7 , 2 > * * 2 )
F G ( 7 , 3 > = ( 0 . 4 £ 4  * Z P N ( 1 )  + 9 . 6 6 E - 2
1 + 0 . 1 7 8  *  Z P N ( 3 ) ) / W N ( 7  . 3 )
G P ( 7 , 3 ) = ( 2 . 7 1 E - 1 2  *  S Q R T t Z P N ( l ) )  +
1 + 2 . 4 6 E - 1 1  *  S Q R T ( Z P N ( 3 ) ) ) * * 2 / ( F G t 7 , 3 ) 4  W N t 7 , 3 ) * * 2 >
F G t 7  , 4  ) = 4 .  2 3 E - 2  *  ZPOt  3 )  /W N ( 7  , 4  )
G P ( 7 . 4 ) = 2 ,  5 2 E - 1 1  *  2 . 5 2 E - 1 1  *  ZPC 13 > /  ( FG t 7  ,  4 > *  W N { 7 , 4 ) * * 2 >
F M U L ( 7 , L ) = F M U C ( 9 , L )
GROUP e
F G ( 8 , 1  ) = 0 .  1 0 8  *  Z P H ( 1 ) / W N t 8 . 1 )
G P ( 8 * 1  ) = 1 • 3 2 E - I  0  *  1 . 3 2 E  —10 * Z P H ( 1 )
/ ( F G ( 8 . 1 )  *  WN( 8 . 1 ) # * 2 )
F G t 8 , 2 ) = ( 0 . 3 7 9  * Z P C t l )  + 1 . 0 5  *  Z P C ( 3 ) ) / WN{ 8 . 2 )
G P ( 8 , 2 ) = ( 1 . 9 5 E - 1 1  * S O R T ( ZPC 1 1 ) ) + 1 . 2 7 E - 1 C  * S Q R T ( Z P C t 3 ) ) > * * 2
/ t F G ( 8 , 2 )  *  W N ( 8 , 2 ) * * 2 )
FGt  8 , 3  )=(<"•• 1 5 5  * Z F N ( l )  + 0 . 1 4 2 * Z P N ( 2 )  + 3 . 7 5 E - 2  *  Z P N ( 3 ) >
/ W N ( 9 , 3 )
G P ( 8  , 2 ) = ( 2 . S e E - 1 1 *  S Q R T t Z P N ( l ) )  + 7 . 0 8 E - 1 1  *
+ 1 . 3 3 E - 1 0  *  S Q R T t Z P N t 3 ) ) ) 4 * 2 / ( F G t 8 . 3 )
F G ( 8  , 4  ) = ( 0 . 1 4 6  *  Z P O t l )  + 8 . 6 1 E - 2 * Z P 0 ( 2 )
4- 9 . 3 3 E - 2  *  Z P 0 ( 3 )  ) / W N t 8 » 4 )
G P ( 8 , 4 ) = ( 1 . 9 7 E - 1 0  *  S Q R T ( Z P O t 1 ) )  + 1 . 8 0 E - 1 1  *
+ 8 . 1 3 E - 1 1  * S QRT( Z P O t 3 ) ) ) * * 2 / t F G t 8 , 4 )
F M U L ( 8 , L ) = F M U C ( 1 0 , L )
GROUP 9
F G ( 9 , 2 ) = 2 . 9 5  *  Z P C ( 2 ) / WN( 9 , 2 )
G P ( 9 , 2 ) = 5 . e 5 E - 1 2  *  5 . 8 5 E - 1 2  *  Z P C ( 2 ) / ( F G ( 9 , 2 )  *  W N ( 9 , 2 ) 4 * 2 )  
F G ( 9 , 3  > = ( 0 . 2 2 4  *  Z P N ( l )  4- 2 . 9 2 E - 2  *  ZPNt  2  ) ) /WN(  9 ,  3  )
SQRTt  ZPNt  2 ) )
4  WN( 8 , 3 ) # * 2 )
SQRTt  ZPOt  2 ) )
*  W N t 8 , 4 ) 4 * 2 )
T R A N 2 8 1 0  
T RA N 2 8 2 C  
TRAN 2 8 3 ?  
T R A N 2 8 4 0  
TRAN 2 8 5C 
TRAN 2 8 6 0  
TRAN 2 8 7 0  
TRAN 2 9 8 0  
TRAN 2 3 9 0  
TRAN2 9 0 C  
TRAN 2 9 1 0  
TRAN2 9 2 0  
TR AN 2 9 3 0  
TRAN 2 9 4 0  
T R A N 2 9 5 0  
TRAN 2 9 6 0  
T R A N 2 9 7 0  
TRAN 2 9 8 0  
T R A N 2 9 9 0  
TRAN 3 0 0  0 
TRAN 3 0 1 0  
TRAN3 0 2 0  
TRAN30  3 0  
TR AN 30  4 0  
T R A N 3 0 5 0  
TRAN3 0 6 0  
TRAN 3 0  7 0  
TRAN 3 0  8C 
TRAN 3 0  9 0  
TRAN 3 1 0 0  
T R A N 3 1 10  
T R A N 3 1 2 0  
T R A N 3 1 3 0  
TRAN 3 1 4 0  
T R A N 3 1 5 0
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G P ( 9 ,  j ) = ( 3 . 4 1 E - 1 0  * S O R T ( Z P N ( 1 ) ) + 1 . 4 8 E - 1 0  *  S Q R T t Z P N ( 2 >  ) > *  * 2 TRAN 3 1 6 0
1 / ( F G ( 9 * 3 )  * * N ( 9 , 3 ) * * 2 > TRAN 3 1 7 0
F 9 ( 9 » 4 ) = ( 5 .  2 4 E  —2 * Z P O ( 1 )  + 7 . 2 2 E - 2  *  ZPO C 2 ) T R A N 3 1 S 0
1 + 6* 9 4 E —2 *  Z P C 1 3 ) ) / W N ( 9 , 4 ) TRA N 31 9 0
G P ( 9 . 4 ) = { 5 « 7 € E - 1 2  *  S Q P T ( Z P 0 { 1 > )  +  7 . 2 D E - 1 1  *  S Q R T ( Z P O ( 2 ) ) T RAN 3 2 0 0
1 ■ + 8*  0 5 E —11 *  S Q R T ( Z P O < 3 > > 1 * * 2 / ( F G ( 9 , 4 1  *  W N ( 9 , 4 1 * * 2 ) T R A N 3 2 1 0
FMUL( 9* L 1 =FMLC( 1 1  »L) TRAN 3 2 2 0
c TR AN 3 2 3 0
c * * PLANCK FUNCTI ON * * TRAN 3 2 4 0
c TRAN 3 2 5 0
DO 9 J = I » NH VL T RAN3 2 6 C
H E E L ( J i L ) = 5 » 0 4 E 3  * H V J ( J ) * * 3  /  <E X P ( H V J ( J ) / T 1 )  -  1* 0 > TRAN 3 2 7 0
c TRAN 3 2 8 0
c * * INDUCED E M I S S I O N  FACTOR (EG 8 1 )  * * TRAN3 2 9 0
c TRAN 3 3 0 0
S S M ( J * 1 • L ) ~ 1 • 1 0 E —1 fc*SNDH ( L 1 * t 1 • 0 - E X F ( - H V J ( J ) / T 1 )  ) * F G ( J , 1 ) TRAN 3 3 1 0
S S M ( J , 2 » L ) = 1 • 1 C E - 1 6 + S N D C  ( L ) * ( 1 • 0 - E X P ( - H V J ( J ) / T 1 > )  * F G t J * 2 ) TRAN 3 3 2 0
S S M l J , 3 , L ) = 1 • 1 9 E - 1 6 * S N D N  ( L 1 * ( 1 • 0 - E X F ( - H V J ( J ) / T 1 )  ) * F G t J . 3 ) TRAN 3 3  30
SSM{ J ,  4 , L )  = 1 .  1 0 E - 1  6 * S NDO ( L > * < 1 • 0 - E  X F ( - H V  J C J ) / T  1 ) 1 * FGt J . 4 ) T R A N 3 3 4 0
DO 1 0  M = l , 4 T R A N 3 3 5 0
GG M ( J  » ^ L ) =G P ( J i M )  * S N D E ( L )  * ( T ( L >/ 1 . 0 E 4 ) * * 0 .  2 5 T R A N 3 3 6 0
1 + 1 • OE —6 TRAN 3 3 7 0
I F ( L . G T . l )  GC TO 11 TRAN 3 3  SO
E T A M ( J , M , 1 1 = 0 , TRAN 3 3  9 0
SB M ( J . M , 1 ) = 0 . TRAN 3 4 0  0
GO TO 1 0 T R A N 3 4 1 9
1 1 ETAMt J  , M , L ) = E T A M ( J  »M * L - 1  ) +  ( Y D ( L ) - YD( L - 1 > ) TRAN 3 4 2 0
1 * ( S S M ( J . M . L - I ) *  GG M( J « M• L —1 ) + S S M ( J , M , L ) * GGMt J ,  M ,L ) 1TRAN343C
2 * D E L T A / 3 . 1 4 1 5 9 2 6 5 TRAN 3 4 4 0
S B M < J * M , L ) = S B M ( J , M * L - 1 ) + ( Y D ( L 1 - YD<L - 1 ) ) T R A N 3 4 5 0
1 *  ( S S M < J . M , L - 1 l + S S M C J , M , L ) ) *  DELTA T R A N 3 4 6 0
10 CONT INUE T R A N 3 4 7 0
I F  ( L . G T . l > GO TO 1 2 TRAN 3 4 8 0
TAUL ( J . 1 1 = 0 . T R A N 3 4 9 0
GO TG 9 TRAN 3 5 0 0
N>
n
o
n
1 2 T A U L < J . L ) = T A U L ( J . L - 1 ) + t Y D ( L > - YO( L - 1 ) > T R A N 3 5 1 0
1 * ( F  MUL( J * L—1> +F MUL( J i L  ) > *  DELTA TR AN 3 5  2 0
9 CONTINUE TRAN 3 5 3 0
IF ( I D G *  NE • 9 9  ) GO TO 91 TRAN 3 5 4 0
CALL 5UGPR ( 7 ) TR AN 3 5 5 0
TRAN 3 5 6 0
9 1 CONTINUE T R A N 3 5 7 0
I E Z = I E Z + 1 TRAN 3 5 0 0
E T Z ( I E Z ) = 1 . 0 TRAN 3 5 9 0
TR AN 3 6 0 0
* * CONTINUUM -  CONTINUUM FLUX DIVERGENCE CALCULATION * * TRAN 3 6 1 0
TRAN 3 6 2 0
DO 3 CC K=1 , IEZ TRAN 3 6 3 0
DO 3 1  L K = 1 , N E S TRAN 3 6 4 0
I =LK TRAN 3 6 5 0
NUT{ K ) = 1 TRAN 3 6 5 0
IF ( A B S ( E T Z ( K ) - E T A ( L K ) )  -  1 • C E - 5 )  3 0 0 . 3 0 0 , 3 1 TRAN 3 6 7 0
3 1 CONTINUE TRAN3 S 8 C
3 0  0 CONTINUE TRAN 3 6 9 0
DO 1 6 1 2  J = 1 ,  9 TRAN 3 7 0 0
O C L P t J ) = 9 « TRAN 3 7 1 0
Q L C P ( J 1 = 0 . TRAN 3 7 2 0
Q L L P ( J ) = 0 . TRAN 3 7 3 0
0 0  1 6 1 2  L = 1 . N E S T R A N 3 7 4 0
F M { J  , L  > = 0 . T R A N 3 7 5 0
1 6 1 2 F P ( J , L ) = 0 , T R A N 3 7 6 0
DD 1 6 1 3  L = 1  ,  IEZ TRAN3 7 7 0
QCL( L > = 0 * T R A N 3 7 8 0
QLC t L ) = 0 . TRAN3 7 9 0
1 6 1 3 Q L L { L ) =0* TRAN 3 3 0 0
DO 4 9  I YY= 1 » IE Z TRAN 3 8 1 0
I Y = N U T ( I Y V ) TRAN3 8 2 0
DO 2 0  K = 1 . 1 2 T R A N 3 B 30
FMC( K , I Y ) = 0 » TRAN3 8 4 C
F P C ( K , I Y ) = 0 « T R A N 3 8 5 0
rovj
CD
o
n
o
 
o
n
n
 
on
n
 
n
o
n
 
n
o
n
IF (  I Y . E Q .  I )  GO TO 4 4
0 0  4 0  L = 1 * IY
* #  MINUS E M I S S I V I T Y  FUNCTION (EQ 4 7 )  *
E M t K , L ) = 1 . 0  -  E X P ( T A U C ( K . L ) - T A U C ( K , I Y ) )
I *  ( L*EQ* 1 ) GO TO 4 0
**  MINUS CONTINUUM FLUX (EQ 4 6 )  * *
F M C ( K , I Y ) = F M C ( K , I Y )  -  ( E M ( K , L ) - E M ( K * L - 1 ) )
1 *  ( 3 E E C ( K* L—1 ) + B E E C ( K » L ) ) / 2  »
4 0  CONTINUE
4 4  IF ( I Y * E Q « N E S  ) GO TO 4 1  
DO 4 2  L = I Y , N E S
* *  P O S I T I V E  E M I S S I V I T Y  FUNCTI ON ( EQ 4 7 )  * *
E P ( K . L )  = 1 . 0  -  E X P ( T A U C ( K * I Y ) —T AUC( K * L ) )
IF ( L * E Q * I Y )  GO TO 4 ?
* *  P O S I T I V E  E M I S S I V I T Y  CONTINUUM FLUX (EQ 4 6 )  **
F P C ( K , I Y ) = F P C ( K * I Y >  + ( E P ( K » L ) —E P ( K * L —1 ) )
1 *  ( B E E C ( K * L - 1 ) + B E E C ( K , L ) ) / 2 ,
4 2  CONTINUE
** P O S I T I V E  E M I S S I V I T Y  CONTINUUM FLUXDIVERGENCE ( EQ 5 1 )  * *
TR AN 3 8 6 0  
T R A N 3 8 7 0  
TRAN 3 8 3 0  
T RAN3 S 9 C  
TRAN 3 9 0 0  
TRAN 3 9 1 0  
TRAN3 9 2 C  
TRAN 3 9  30  
TR AN 3 9 4 0  
TRAN 3 9 5 0  
TRAN 3 9 6 0  
TRAN 3 9  70  
TRAN3 9 8 0  
TRAN 3 9 9 0  
TRAN 4 0  0 0  
TRANAO10  
T R A N 4 0 2 0  
TRAN4Q30  
TRAN 4 0 4 0  
TRAN 4 0  5 0  
TRAN 4 0 6 0  
TRAN407C  
TRAN40SC  
TRAN 4 0  9 0  
TRAN41CQ 
T R A N 4 1 10  
TRAN412C  
TRAN4 1 3 C  
TRAN 4 1 4 0
4 1  Q C C P ( K ) = 6 * 2 8 2 1 £ S 3  * FM U C C K . I Y )  * T R A N 4 1 5 0
I < F MC ( K ,  I Y ) + F P C { K » I Y ) 2 . 0 *  BEEC( K * IY ) ) T R A N 4 1 6 0
FMC( K # I Y ) =F MC( K * I Y  ) * 3 * 1 4 1 5 9 2 6 5 T R A N 4 1 7 0
FPCC K* I Y ) = F P C ( K , I Y ) * 3 .  1 4 1  5 9 2 6 5 T R A N 4 1 8 0
2 C CONTINUE TRAN419Q
T R A N 4 2 0 0
co' j
VD
c * * DEBUG P R I N T  ** TR AN 4 2 1 0
c TRAN 4 2 2 0
IF ( ID G* NE • 9 9  > GO TO 2 1 TRAN 4 2 3 0
CALL BUGPR ( 2 ) T RAN4 2 4 Q
2 1 QCC( IYY ) = 0 . TRAN 4 2  5C
0 0  2 4  K = 1 » I 2 TRAN 4 2 6 0
c TRAN 4 2 7 0
c * # L I N E  AND CROSS TERM FLUX DI VERGENCE CALCULATION * * TRAN 42  8 0
c TRAN 4 2 9 0
2-4 QCC( I Y Y )  = Q C C ( I Y Y )  + QCCP( K) T R A N 4 3 0 0
I F ( L I N E S . E Q . 0 )  GG TO 1 6 1 4 T R A N 4 3 1 0
C TRAN 432C*
C * * I NTEGRATION FRCM 1 TC IY * * T R A N 4 3 3 0
c TRAN 4 3 4 0
IF ( IY . E Q .  1 ) GO TO 6 8 T R A N 4 3 5 0
DO 6 E J = l , 9 TRAN 4 3 6 0
DO 6  6  L = l , I Y TRAN 4 3 7 0
WI M = 0 . TRAN4 3 SC
SUM 1 = 3 . TRAN 4 3 9 0
S U M 2 = 0 . TRAN 4 4 0 0
DO 6 7  M = l , 4 TRAN4 4  1 0
O l F = E T A M ( J . M . I Y )  - E T A M ( J , N , L ) TR AN 4 4 2 0
OI F SBM = S B M ( J , M . I Y ) - S B M < J . M, L > TR AN 4 4  3 0
I F ( A B S ( D I F S B M )  . L T .  1 , E - 1 0 )  OI F SBM
0
 
**1UJ«II TRAN 4 4 4 Q
SETAM = D I F  /  ( D I F  SBM ) * 3 .  1 4  1 5 9 2 6 5 T R A N 4 4 5 0
IF ( L . E O . t Y )  BETA N=GGM( J * M « L ) T R A N 4 4 6 0
I F ( A B S ( D I F I . G T . l . E - 1 0 )  GO TO 9 C 0 1 T R A N 4 4 7 0
TM = l . E —1 0 TRAN 4 4 8 0
GO TO 9 0 0 2 T R A N 4 4 9 0
9 0 0  1 CONTINUE TRAN 4 5 0 0
T M = D I F / 2 . 0 / B E T A M * * 2 TRAN 4 5 1 0
9 0 0  2 R R M = C I F / 2 . 0 / G G M { J . M , I Y ) * * 2 TRAN 4 5 2 0
WWM=€. 2 8 3 1 8 5 3  *  W N ( J . M )  *  BETAM # GAMMA(TM) *  TM TRAN 4 5 3 0
SUM 1 =SUM1 + GAMMACTM) * WNCJ. MI * S S M ( J , M , I Y ) T R A N 4 5 4 0
SUM2=SUM2 + XLAMB(RFM) * W N ( J . M ) * SSM(  J .  M. IY > TRAN 4 5 5 0
toooo
no
 
n
o
n
 
n
o
n
c
c **
c
c
c 4* 
c
#*
6 6 
6 5
6 0  
C
V*IM = WIM + V*WM 
ALPHAM = W I M / D J ( J )
OVERLAPPING L I N E  CALCULATIONS * *
GROUP EQUIVALENT WIDTHS ( E Q . 8 8 )  * *
WMM( J * L ) = D J { J )  * PHI 1 IALPHAM) * E X P ( T A UL ( J . L ) - T A U L ( J * I Y ) )
GROUP GAMMA -----  L I N E  TRANSPORT FUNCTION ( E Q . 9 2 )  * *
G M M ( J * L ) = P H I 2 ( A L P H A M )  * SUM1
MINUS E M I S S I V I T Y  FUNCTION FOR L I N E 5  ( E Q . 4 7 )  * *
EEM( J « L ) —1 « 0 -  E X P I T A U L t J  . L ) - T A U L ( J , T Y ) )
X L M M { J , L ) = P H I 2 ( A L P H A M )  * SUM2 
CONTINUE
IF ( I DG• EQ* 9 9 )  CALL B U G F R ( l )
IF ( I D G .  EQ• 9 5 )  CALL BUGPR { 4 )
IF ( I Y . E Q . N E S )  GO TO 7 2
INTEGRATION FROM IY TO NES * *
DO 6 9  J  = I * 9 
DO 7  C L = I Y , N E S  
WI P = C .
SUM 1=0®
S U M 2 = 0 .
DO 7 1  M = 1 i 4
D I F = E T A M C J , M , L )  -  E T A M ( J , M , I Y )
DIFSBM = S B M ( J . M♦L ) - SBM( J , M .  IY I
I F < A B S ( D I F S B M ) , L T .  l . E - 1 0 )  DI F S BM = l . E - 1 0
B E T A P = D I F  /  ( DI FSBM ) *  3 . 1 4 1 5 9 2 6 5
TRAN456Q  
T R A N 4 5 7 0  
TRAN4 5 8 0  
TRAN 4 5 9 0  
TRAN 4 6 0 0  
TRAN 4 6 1 0  
TRAN 4 6 2 0  
TRAN 4 6  30  
TR AN 4 6 4 0  
TR AN 4 6 5 0  
T R A N 4 6 6 0  
TRAN 4 6 7 0  
T R A N 4 6 8 0  
TRAN4 6 9 0  
T RAN4 7 D0  
TR AN 4 7  10  
TRAN 4 7 2 0  
T R A N 4 7 3 0  
T R A N 4 7 4 0  
T R A N 4 7 5 0  
T R A N 4 7 6 0  
TRAN 4 7 7 0  
TRAN478C  
T R A N 4 7 9 0  
TRAN4 3 0 C  
T R A N 4 S 1 0  
TRAN4 8 2 C  
TRAN4 8 3 C  
TRAN4 8 4 C  
TRAN 4 8 5 0  
TRAN 4 8 6 0  
T R A N 4 8 7 0  
TRAN 4 8 8 0  
TR AN4Q90  
TRAN4 9 0 0
281
I F ( L * E G * I Y )  BETAP=GGM( T R A N 4 9 1 0
I F I A B S I O I F ) . G T . 1 . E - 1 0 )  GO TO 9 0 0 3 TRAN 4 9 2 0
TP = 1 • E—1 0 TRAN4 9 3 C
GO TO 9 C 0 4 TRAN4 9 4 C
9 0 0 3 CONTINUE TR AN 4 9  50
TP =0 I F / 2 * 0 / S E T A P * * 2 TR AN 4 9 6 0
9 0 C 4 RRP = CI F / 2 *  0 / G G  I Y ) * * 2 T R A N 4 9 7 0
WWP=6*2 9 3 1 8 5 3  * W N ( J i M )  *  BETAP *  GAMMA(TP) *  T P TRAN 4 9  8 0
SUM1=SUMI + GAM MA( T P 1 * W N ( J . M )  *  S S M ( J » M . I Y ) TRAN499C
SUM2 = SUM2 + XLAMB( RFP)  * ViN( J , M )  * S S M ( J , M * IY ) T R A N 5 0 0 0
7  1 W IP=HIP+WWP TRAN 5 0 1 0
A L P H A P = W I P / D J { J ) TRAN5 0 2 0
W P P C J . L ) = D J ( J )  *  P H I l ( A L P H A P )  *  E X P ( T A U L ( J , IY ) - TAUL< J . L ) > TRAN 50  3 f
G P P ( J * L ) =PHI  2 (  ALPHAP) *  SUM1 TRAN 50 4 0
C T R A N 5 0 5 0
c * * P O S I T I V E  E M I S S I V I T Y  FUNCTI ON FCR L I N E S  IEG * 4 7 ) * * T RAN5 0 6 C
c TRAN 5 0 7 9
E E P ( J . L > = 1 * 9  -  E X P ( T A U L ( J  « I Y ) —T AU L ( J i L ) ) TRAN 5 0  3 0
7 0 XLPP ( J , L ) = P H I 2 ( A L P H A P )  *  SUM2 TRAN 5 0  9 0
6 9 CONTINUE T R A N 5 1 0 0
C T R A N 5 1 1C
c * * DEBUG P R I N T  * * TRAN 51 2 0
IF { I D G , E 0 « 9 9 )  CALL BUGPR ( 5 ) TR ANSI  3 0
c TRAN 5 1 4 0
7 2 DO 8C J = I • 9 TR AN 51 5 0
A S M l =0 * T R A N 5 1 6 0
A S M 2 = 0 . TR A N S I 7 0
FM ( J , I Y ) = 0 * T R AN S I 8 C
IF ( I Y * E Q .  1)  GO TO 81 TRAN5 1 9 0
DO 8 2  L = 2 * IY TRAN5 2 G0
FM( J « I Y ) =F MI J  * I Y ) -  ( WMMCJ , L) - WVM( J . L - l ) ) T R A N 5 2 1 0
1 * ( B E E L ( J . L - 1 > + 8 E E L ( J . L ) ) *  1 * 5 7 0 7 9 6 3 TRAN 5 2 2 0
IF ( L . E Q * I  Y) GO TO e 2 TRAN 5 2  3 0
ASM t =A SM1 -  (EE M  J * L ) —EEM ( J » L —1 ) ) ■ TRAN5 2 4 C
1 *  ( B E c K  J * L - 1  ) *  X L M N ( J . L - l )  +  B E E L ( J . L ) *  X L M M ( J . L )  ) / 2  * TRAN 5 2  5 0
M
03to
ASM2 =A SM2 
1 *
2 *
8 2  CONTINUE  
8  1 ASP 1 = 0 .
ASP 2 = 0 •
I YP= I Y +■ 1
IF ( IY *EQ* NE S ) GO 
DO 8 4  L = I Y P . N E S  
F P ( J . 1 Y ) = F P ( J . I Y >
C X L M M t J , L ) - X L M N ( J , L - 1  ) )
( B E E L ( J . L - l )  *  EXP I T A U L ( J » L - 1 ) - T A U L ( J . I Y ) ) 
E X P ( T A U L <J . L ) - T A U L < J .  1Y)  ) 1 / 2 . 0
+ B E E L ( J . L )
TO 8 3
( feFP( J * L ) - W P P ( J , L - 1 ) )
* 1•57079G31 *  ( B E E L ( J f L - 1 ) + B E E L ( J *L 1 )
I F  ( L . E O . I Y P )  GO TC 8 4
A S P 1 = A S P 1  + ( E E P { J , L ) - E E P t J . L - l >»
1 *  CB EE L { J » L—1 )  *  X L P P ( J . L - l )
A S P 2 = A S P 2  + < X L P P < J » L ) - X L P P ( J * L - 1 ) )  *
1 ( 3 E E L C J . L - 1 )  *  E X P ( T A U L ( J * I Y ) —T A U L ( J  » L—1 ) >
2  *  EXP ( T A U L I J * I  Y ) —T AUL( J » L ) > ) / 2 » 0
8 4  CONTINUE
FMUL t J i I Y )  *  ( F W < J , I Y I + F P ( J .  I Y )  )
B E E L ( J < L ) *  X L P P ( J . L ) ) / 2 . 0  
f  B E E L f J  * L )
8 3
3ft S S M ( J . M , I Y )  * WN(J*M»
QLCP ( J  ) = ? •  0 ’
S U M S = 1 . 0  
5 U MT = 3 .
0 0  8 6 M =  1 » A 
SUMT=SUMT +
A T M I = n ,
IF ( I Y • NE• 1 )  A T M 1 = ( R E E L ( J * I Y —1 ) + B E E L ( J » I Y ) ) / 2 . 0
1 * XLMM<J , I Y - 1 )
ATP 1 = 0 *
I F ( I Y . N S . N E S )  A T P 1 = ( B E E L ( J i I Y + 1 ) + B E E L { J . I Y | ) / 2 . 0  
1 *  X L P P t J . I Y + l >
Q C L P ( J > = 6 »  2 3  3 1 8 6 3  *  SUMS * ( A S M 1 + A S P 1 + A T M 1 + ATP I )
IF ( IY «EQ« 1)  A T M2 = - 8 E E L ( J* I Y ) *  SUMT
IF ( I Y * N E . l )  A TM2 = ( B E E L ( J » I Y - 1 ) - B E E L ( J  » I Y ) ) *  G M M ( J . I Y - l )
1 -  B E E L ( J i I Y - 1 )  *  X L M M ( J , I Y - 1 >
IF ( I Y , E C U N E S )  A T P 2 = —B E E L ( J » I Y ) * SUMT
IF ( I Y * N £ « N E S 1 A T P 2 = ( B E E L ( J * I Y-t-1 >- B E E L { J * I Y ) ) *  G P P C J . I Y + 1 )
*  EEM( J . I Y - 1 )
* E E P ( J  « I Y + 1 )
T R A N 5 2 6 9  
TRAN5 2 7 C  
TRAN 5 2  3 0  
TRAN52  9 0  
TRANS3C0  
TRAN 5 3 1 0  
TRAN 5 3 2 0  
TR AN 5 3 3 0  
TRAN 5 3 4 0  
TRAN535C  
TRAN 5 3  6 0  
TRAN 5 3 7 0  
TRAN 5 3 8 0  
TRAN 5 3 9 0  
TRAN5 4 C0  
TRAN 5 4  1C 
TRAN 5 4 2 0  
TR AN 5 4  3 0 
TRAN 5 4 AC 
TRAN 5 4 5 ^  
T R A N 5 4 6 0  
T R A N S 4 7 3  
TR AN 5 4 8 0  
TRAN 5 4 9 0  
TR AN 5 5 0 0  
TRAN 5 5 1 0  
TRAN 5 5 2 3  
T R A N 5 5 3 0  
TRAN 5 5 4 0  
T R A N 5 5 5 0  
TRAN 5 5 5 0  
TRAN 5 5 7 0  
T R A N 5 5 3 0  
T R A N 5 5 9 0  
TRAN5 6 0 C
to00W
1 -  B E E L ( J * IY+ 1 ) * X L P P ( J * I Y + 1 ) TRAN 5 6 1 0
Q L L P ( J ) = 6 .  2 0 3 1  8 5 3  *  S U M S * ( - A S M 2 - A S P 2 + A T M 2 + A T P 2 ) TRAN 5 6 2 0
8 0 CONT IN UE T R A N 5 6 3 0
QCL( I Y Y ) = 0 * TR AN 5 6 4 0
QLC{ I Y Y ) = 0 ■ TRAN5 6 5 C
OLL t I Y Y 1 = 0 , TRAN 5 6 6 0
DO 3 5  J  = 1 . 9 TRAN 5 6  70
OCL { I Y Y ) = Q C L ( I Y Y ) + Q C L P ( J ) TRAN5 6 8 C
0 LC(  I Y Y ) = Q L C ( I Y Y )  + O L C P ( J ) TRAN 5 6  9 0
8 5 QLL< I Y Y ) = Q L L t I Y Y )  + Q L L P t J ) TRAN5 7 0 0
1 6 1 4 CONTINUE TRAN5 7 1 0
DON( I Y Y ) = - ( O C C ( I Y Y ) + Q C L (  I YY ) +QL C ( I Y Y ) + Q L L (  I Y Y M TR AN 5 7 2 0
C TRAN 5 7 3 0
C # * DEBUG P P I  NT * * T R A N 5 7 4 0
c TRAN 5 7 5 0
I F  ( I D G » E Q # 0 )  GO TC 4 9 TRAN 5 7 6 0
CALL 3  UGPR( 6 ) TRAN 5 7 7 0
4 9 CONTINUE T R A N S 7 8 0
I EZ= IE Z— 1 TRAN 5 7 9 0
D Q ( 1 ) = 0 Q N {  1) TRAN 5 8 0 0
L = 2 TRAN 5 8 1 0
DO 1 N = 2 , N E S T R A N 5 8 2 0
DO 2  I = 2  » I E Z T R A N 5 8 3 0
NP = I TRANS84C
IF ( ET Z< I ) #G T« ETA CM ) GO TO 3 TRAN 5 8 5 0
2 CQNTINUE TRAN586C
3 NN =N P —1 T R A N 5 8 7 0
AA = 0 • 0 TRAN 5 8 8 0
ZB = (DQN< N M - D Q N ( N P )  ) /  ( E T Z t N N ) —E T Z ( N P ) ) T R A N S 3 9 0
CC=DQN(NN» -  ZB *  ETZ<NNJ TRAN5 9 0 0
DQ( N ) = A A *  E T A ( N ) * * 2  +■ ZE *  E T A t N )  + CC T R A N 5 9 10
GO TO 1 TRAN5 9 2 0
4 D Q ( N ) = DQN( N N ) T R A N 5 9 3 0
1 CONTINUE T R A N 5 9 4 0
to
Co-p>
c  * *
250
NON—DI MENS I QNALI  ZEE E < I )  * *  T R A N 5 9 6 0
DO 2 5 0  1 = 1 , NES TRAN 5 9 7 0
T(  I J = T ( I  ) / T D  TRAN5 9  8 0
E(  I )  = ( O 0 ( I ) * X l _  ) / ( R I N F * U I N F * * 3 > > * 2 0 8 6 6 * 0  *RZB T R A N S 9 9 0
RETURN TR AN 60  0 0
END TRAN 6 0 1 0
285
SUBROUTINE TRANS2 TRAN 10
COMMON / S F L U X /  Q R I ( 3 ) TRAN 2 0
COMMON / Y L / E T A ( 6 0 ) , Y G N D ( 6 P ) TRAN 3 0
COMMCN / F R S T R M /  U I N F ,  R I N F , U I N F 2 .  R * RE* L X I ,  ITM,  I EM * NES TRAN 4 0
COMMON / TR N /  N U T ( 6 0 > ,  F M C ( 1 2 » 6 0 ) ,  F P C ( 1 2 , 6 0 ) . TRAN 5 0
1 F M < 9 , 6 0 )  .  F P ( 9  * 6 0 )  * L I N E S TRAN 6 0
COMMON / F I N V /  NHVL, NIHVC , F H V C ( 1 2 )  , D J ( 9 )  * H V J ( 9 ) , ZKZ TRAN 7 0
COMMON / T E S T / E T Z ( 6 0 ) , IEZ TRAN 8 0
COMMON / N UMR EN /  S N 0 0 2 t 6 0 ) ,  S N D N 2 ( 6 0 ) ,  S N D O ( 6 0 ) ,  5 N D N ( 6 0 ) , TRAN 9 0
1 S NO E ( 6 0 ) ,  S N D C I 6 C ) , TRAN 1 0 0
2 S N P H ( 6 0 )  * S N 0 C 2 ( 6 0 )  • S N D H 2 ( 6 C ) ,  S N D C O ( 6 0 ) . TRAN t 10
3 S N D C 3 ( 6 0 )  , SNDC2 H( 6 0  ) TRAN 1 2 0
CCMMCN / S P E C /  MF,  XMOL TRAN 1 30
DI MENSI ON E T O UT ( 3 ) TRAN 1 4 0
NE TA =NE S TRAN 1 5 0
ETOU T ( 1 ) = 9 • 9 TRAN 1 6 0
ETOUT( 2 ) = 0 *  5 TRAN 1 7 0
ETOUT ( 3 ) = 1 »  0 TRAN 1QC
NO UT = 3 TRAN 1 9C-
c TRAN 2 0 0
C OUTPUT FLUX TRAN 2 1 0
C TRAN 2 2 0
WRITE ( 6 , 6 0 0 ) TRAN 2 30
WRITF ( 6 , 6 3 3 )  ( E T A ( I ) * S N D N 2 < I ) , S N D C 2 < I ) , S N D N ( I ) , S ND O( I )  , TRAN 2 4 0
I S NO E ( I ) .  S NDH( I ) , TRAN 2 5 0
2 SNDCt I ) , S N D C 2 ( I )  , S N D H 2 ( I )  , S N D C O (  I ) , S N D C 3 (  I ) , TR AN 2 6 0
3 S N D C 2 H ( I ) ,  1 = 1 , NET A ) TRAN 2 7 0
c * * CONTINUUM CON TRI E LTIC N TO THE SPECTRAL FLUX *4 TRAN 2 8 0
c TRAN 2 9 0
WRITE ( 6 , 4 1 0 2 ) TRAN 3 0 0
DO 3 0 4 0  K = 1 , NO UT TRAN 3 1 0
DO QC41 LK = 1 , NE S TRAN 3 2 0
NU T { K ) =LK TRAN 3 3 0
IF ( A B S ( E T O U T ( K ) - E T A ( L K ) ) -  1 . 0 E - 0 5 )  8 0 4 0 * 8 0 4 0 . 8 0 4 1 TRAN 3 4 0
8 0 4 1 CONTINUE TRAN 3 5 0
to
00
CM
8C40
4 1 0  4
C
C 4 *
c
CONTINUE TRAN 3 5 0
L I = N U T ( I ) TRAN 3 7C
L 2=N UT ( 2 ) TRAN 3 8 0
L 3 = N U T ( 3 ) TRAN 3 9 0
WRITE ( 6 * 3 0 3 7 )  (ETCLT C I L )  ,  I L= 1 *1 ) TRAN 4 0 0
FM 1 = 0 * 0 TRAN 4 1 0
F P 1 = 0 * n TRAN 4 2 0
F M 2 = 0 « 0 TRAN 4 3 0
FP 2= C. C TRAN 4 4 0
F M 3 = C . 0 TRAN 4 5 0
FP 3 = 0 * 0 TRAN 4 6 0
0 0  4 1 0 4  KL = 1 *NIHVC TRAN 4 70
WRITE ( 6 . 3 0 4 2 )  KL * F H V C ( K L ) .  F M C ( K L . H ) ,  F P C ( K L . L l ) . TRAN 4 8 "
F M C ( K L , L 2 ) .  F P C ( KL * L 2 ) *  FMC( KL* L 3 )* F P C ( K L , L 3 ) TRAN 4 9 0
FM1 = FM1 -1- F M C ( K L . L l ) TRAN 5 0 0
F P 1 = F P 1  + F P C ( K L . L l ) TRAN 5 1C
FM 2 —FM 2 +- FMC ( KL * L2  ) TRAN 5 2 0
F P 2  = F P 2  F F P C ( KL *L 2 ) TRAN 5 3 0
FM 3=FM 3 + F M C ( K L « L 3 ) TRAN 5 4 0
F P 3 = F P 3 F F P C { KL • L 3 ) TRAN 55C
CONTINUE TRAN 5 6 0
WRITE ( 6 . 8 0 4 5 )  FM1 .  F P 1 .  F M 2 ,  F P2  * FM3.  F P 3 TRAN 5 7 0
Q R I ( 1 ) =FM 1 + FP1 TRAN 5  8 0
OR I ( 2  ) =F M2 F F P 2 TRAN 5 9 0
O R I ( 3 ) =F M3 F F P 3 TRAN 6 0 0
TRAN 6 1 0
L I N E  CONTRI BUTI ON TO THE SPECTRAL FLUX * * TRAN 6 2 C
TRAN 6  30
I F ( L I N E S . E Q . O ) RETURN TRAN 6 4 0
WRITE ( 6 . 8 0 3 5 ) TRAN 6 5 0
WRITE ( 5 , 8 0 3 7 )  (E TOUT ( I L ) , 1  L= 1 .  3 ) TRAN 66C
FM 1 = 0 . 0 TRAN 6 7 0
FP 1 = 0 . 0 TRAN 6 8 0
F M 2 = 0 . 0 TRAN 6 9 0
F P 2 = 0 . 0 TRAN 7 0 0
to
00
o 
n 
n
**
FM 3 = 0 * 0  
F P 3 = C . )
t o t a l  f l u x  c a l c u l a t i o n  * *
TRAN
TRAN
TRAN
TRAN
TRAN
DO 3 0 4  3 KL = 1 *NHVL TRAN
WRITE ( 6 , 8 0 4 2 )  K L .  H V J ( K L ) .  F M ( K L . L l ) .  F P ( K L . L l ) . TRAN
I F M ( KL » L 2 ) * F P I K L . L 2 ) .  F M I K L . L 3 ) .  FP t KL » L 3 ) TRAN
FM1=FMI +■ F M ( K L . L l ) TRAN
F P 1=FP 1 + F P { KL » L 1) TRAN
FM 2 =FM2 + F M ( KL » L 2 ) TRAN
FP 2 = FP 2 + F P { KL « L 2 ) TRAN
FM3=FM3 + FM( K L • L 3 ) TRAN
FP 3  = F P 3 + F P I K L . L 3 ) TRAN
8 0 4 3  CONTINUE TRAN
WRITE ( 6  * 3 0 4 5 )  FM1 , FP 1 * F M 2 « F P 2 .  FM 3» FP 3 TRAN
Q R I ( 1 ) = Q R I ( 1 ) + FM1 + F P  1 TRAN
Q R I t  2 ) = Q R I ( 2 )  + F M2 + F P 2 TRAN
QR1 ( 3 ) =QR1 ( 3 )  + FM3 + F P 3 TRAN
I PART I C L E S / C M 3 ) / / / 5 X . 3 H E T A ,  8X .  
3X ♦ 1 HC.  8  X » 2 H E - . 8 X .
8 X * 2 hCC * 8 X , 2 H C 3 » 8 X . 3 H C 2 H / / V  )
6 0 0  FORMAT ( 1 H 1 , 33HNUM8ER D E N S I T I E S
1 2 H N 2 .  8 X . 2 H 0 2 ,  8 X . I H N .
2 1 H H . 8 X . 1 H C .  8 X . 2 H C 2 ,  S X . 2 H H 2 ,
6 0 3  FORMAT ( 1 P 1 3 E 1 0 . 2 )
4 1 0 3  FORMAT ( 44H1CONTINUUM CONTRIBUTION TO THE SPECTRAL F L U Xi  
8 0 3 5  FORMAT { 3 9 H 0 L I N E  CONTRI BUTI ON TO THE SPECTRAL FLUX)
8 0 3 7  FORMAT ( / 2 2 X * 5HETA = F 7 • 3  . 1 3 X, 5HETA = F 7 * 3 ,  1 3 X , 5HETA = F 7 « 3 / / 3 X , 1 H I ,
1 3 X t 3 H H N U , a x . 6 H Q M I N U S .  7 X * 5 H C P L U S . 8 X . 6 H Q M I N U S * 7 X . 5 H Q P L U S . 8 X .
2 6 H Q M I N U S . 7 X . 5 H Q P L L S / )
8 0 4 2  FORMAT { I 4 , F 8 . 3 . 1 P E E 1 3 * 3 )
8 0 4 5  FORMAT ( 1 2HC TOTAL FLUX . 1 P 8 E 1 3 . 3 )
RETURN
END
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
7 1 0  
7 2 0  
7 3 0  
7 4 0  
7 5 0  
7 6 0  
77C  
7 8 0  
7 9 0  
8 0 0  
8 1 0  
8 2 0  
8 3 0  
8 4 0  
3 5 0  
3 6 0  
8 7 0  
8 8 0  
8 9 0  
9C0  
9 1 0  
9 2 0  
9 3 0  
9 4 0  
9 5 0  
9 6 0  
9 7 0  
9 8 0  
9 9 0  
1000 
1 0 1 0  
10 20  
1 0 3 0
ro
00
00
u 
u
SUBROUTINE S N D ( I ) SND ( 10
C 0 M M C N / P R 0 P 1 / P I  ( 6 0 ) , R H Q ( 6 0 » ,  T { 6  0 )  ,  A MW( 6 0 )  , C  { 2 0 . 6 0 ) . E C ( 5 , 6 0 ) SND ( 2 0
COMMON / R F L U X /  E ( 6  0 ) , I RAD , I TYPE SND ( 30
COMMON / N O N / R D Z , M U D Z »RVDZ. A K N F . H N F . C F N F SND( 4 0
COMMCN/WT/SMV»( 2 0 )  , AVsT(S)' SND ( 5C
COMMON / N UMD EN /  S N D C 2 ( 6 C ) . SNDN 2 ( 6 0 )  , S NDQ( 6 0  ) , S N 0 N ( 6 0 ) , SND ( 6 0
S NDE( 6 0  ) , S N D C ( 6 0 ) , SND ( 7 0
SNDH( 6 0 ) , SNDC 2 ( 6 0 )  » S N 0 H 2 ( 6 0 ) ,  S N D C O ( 6 0 ) t SND ( 8C
S N D C 3 ( 6 0 ) , S N D C 2 H { 6 0 ) SND ( 9 0
* *  CALCULATE S P E C I E NUMBER D E N S I T I E S  e A S E D ON MOLE FRACTIONS * *  S N D ( 1 0 0
SND ( 1 10
CGNVER = 3 • 1 0 3 7 5 E  + 2 3 * RHO ( I )  *RDZ SND( 1 2 0
SND ( 1 3 0
SNOO 2(  I ) = CCNVER * C( 1 ,1 ) / S MW (  1 ) SND ( 1A0
SNON 2 ( I ) = CCNVER * C( 2 . 1 ) / SMW< 2 ) SND ( 1 5 0
SNDO ( I )  = CCNVER * C(  3 . 1 ) /SMV*( 3 ) SND ( 16C
SNDN ( I ) =t CCNVER * C(  4  , 1 ) / S M l » {  4 ) SND ( 1 7 0
SNOE ( I ) = CCNVER * C(  7 , 1 ) / S M M  7 ) SND ( 1 8 0
SNOC ( I ) = CCNVER * C(  8 , 1 ) / S M W (  8 ) SND ( 1 9 0
SNDH I I )  = CCNVER £ C( 9 , 1 ) /  SM1* ( 9 ) SND ( 20C
S NDH2 (  I )  = CCNVER C ( 1 0  , 1 ) / S M W ( 1 0 ) SND ( 2 1 0
S N D C O C I > = CCNVER # C ( l l  , 1 ) /SMI* ( 1 1 ) SND ( 2 2 0
SN DC 3(  I )  = CCNVER * C ( 1 2  , 1 ) / S M W ( 1 2 ) SND ( 2  3 0
SNDC 2 (  I > = CCNVER * C ( 1 9 , 1 ) / S M W { 1 9 ) SND ( 2 4 0
SNDC2H ( I ) = CCNVER $ C ( 1 4 . 1 ) / S M *  ( 1 4 ) SND ( 2 5 0
RETURN SND ( 26C
END SND ( 2 7 0
to
00vD
u 
u 
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SUBROUTINE Z P t  T 1 » SUMN, SUMO * SUMH . SUMC) ZP t T 10
Z P t  T 2 0
4 *  FRACTIONAL POPULATI ON S TA TE S  FOR N ,  0 .  H,  C 4 * ZP ( T 3 0
ZP f T 4 0
COMMON / Z P I /  Z P O t C ) .  ZPN f 6  > * ZPH t 2 )  . Z P C ( 7 ) Z P t  T 5 0
ZP H ( 1 ) = 2# 0 /SUMH ZP t T 6 0
ZPH< 2 ) = 8 . 0  *  E X P t - 1  9 .  2r  / T l  >/ SUMH ZP t T TO
ZPCt  1 ) = 9 . 0 / SUMC Z D ( T 8 0
ZPCI  2 ) = 5*  ?. *  E X P t - I  . 2 6 4 / T 1  ) / SUMC Z P t  T 9 0
ZPCt  3 ) =EXP t - 2 .  6 6 4 / T 1 )  /SUMC Z P t  T i n n
ZPC(  A) = 5 . 0  * E X P t - 4 . 1 8 3 / T 1 ) / SU MC ZP t T 1 19
Z P C ( £ >= 1 2 . 0  * E X P ( - 7 . 5 3 2 / T 1 ) / S U M C Z P t  T 1 20
z p c ( e> = 36 • 0*  EXPt  — e .  7 2 2  / T  1 >/ SUMC Z P t  T 1 39
Z P C I 7 ) = 6 .  0  * E X P t - 9 . 7 2 4 / T 1 ) / S U M C Z P t  T 1 4 0
ZP Nt  1 >= 4 . 0 / S U M N ZP t T 1 50
Z P N ( Z) = 1 0 . 0 *  E X P t —2 . 3 8 4 / T 1 } / S U MN Z P t  T 1 6 0
Z P N t 3 ) = 6 . 0  *  E X P ( - 3 . 5 7 6 / T 1 ) / SUMN Z P t  T 1 7 0
ZPNt  A ) = 1 8 , 0  * E X P t - 1 C . 4 5 2 / T 1 ) / S U M N ZP f T 1 8 0
Z P N { £ ) = 5 4 . 0  * E X P t - 1 1 . 8 7 7 / T 1 J / S U M N Z P t  T 1 9 0
ZPNt  e> = 9 0 . 0  * E X P t - 1 3 . C 0 2 / T l l / S U M N Z P t  T 2 0 0
ZPOt  I >= 9 . 9 / SU MO ZPt  T 2 1 0
Z P O ( 2 ) = 5 * 0  *  E X P t - 1 . 9 6 7 / T 1 ) / SUMC ZP t T 2 2 "
ZP 0  t 3 ) = E X ° t —4 . 1 8 8 / T I ) /SUMO Z P t  T 230
ZPOt A) = a . n  * E X P t - 9 . 2 8 3 / T l J / S U M O Z P t  T 2 4 0
ZPOt  5 ) =2  4 . 0 *  E X P t - 1 0 . E 3 0 / T 1  ) / S U M C Z P t  T 2 SC-
ZPOt  6 ) = 4 0 . 9  4 E X P t - 1 2 . 0 7 7 / T 1 ) / S U M C Z P t  T 
Z P t  T
2 6 0
2 7 0
RETURN Z P t  T 2 8 0
END ZP t T 2 9 0
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S U8 RCUTI NE BUGPR • ( I DGSW) 8UGP 1C
COMMCN / F R S T R M /  U I N F ,  R I N F , U I N F 2 .  R ,  1RE, L X I .  ITM, IEM , NE S BUGP 2 0
COMMON / Y L / E T A ( 6 0 )  ♦ Y D ( 6 0 ) 3UGP 3 0
COMMON / T R N /  NUT ( 6 0  ) , FMC( 12  , 6 0  ) , F P C ( 1 2 , 6 0 ) , 8UGP 4 0
1 F M < 9 , 6 0 ) ,  F P ( 9 , 6 0 ) *  L I N E S RUGP 5 0
COMMON / D 3 U G /  Q L C ( 6 0 > ,  Q C H 6 0 ) ,  QLL ( 6C. ) , DON( 6 C ) *  Q C C I 6 0 ) • BUGP 6 0
1 B E E C ( 12  , 6 0  ) » FMUC{ 1 2  , 6 0 ) • EMI 12  * 6 0  ) , BUGP 7 0
2 E P (  12 , 6 0  ) * T A U C ( 1 2  , 6 0  ) t B E E L ( 9 , 6 0 ) * BUGP 8 0
2 QCCP( 1 2 ) , WMM(9 , 6 0  , GMM( 9 , 6 0  ) , BUGP q r
4 EEM( 9 , 6 0 ) , XLMM( 9 , 6 0 ) , QLCPI 9 )  , BUGP 1 0 0
5 QCLP <9 > . Q L L P I 9 ) , DELTA, I Y , I YY , BUGP 1 1C
6 WPP 19  , 6 0 ) , G F P C 9 . 6 0 ) , E E P ( 9 , 6 0  ) , BUGP 1 2 0
7  X L P P I 9 , 6 0 ) , F G ( 9  » 4  ) , GP( 9 . 4 ) , BUGP 1 3 0
8 WNt 9 *4 ) , F MU L ( 9  , 6 0  ) , SSM(  9 , 4 , 6 0  ) , BUGP 1 4 0
5 GGM( 9 , 4 , 6 0 ) , E T A M ( 9 , 4 , 6 9 )  , S EM( 9 , 4 , 6 0 ) , BUGP 1 5 0
A T A U L ( 9 , 6 0 ) BUGP 1 6 0
GO TO ( 1C , 2 0  . 3 0  , 4  C * 5 0  , 6 0  , 7 0  ) ,  IOGSW BUGP 1 7 0
1 0  WRITE 1 6 , 1 9 4 ) BUGP 1 BO
1 9 4  FORMAT ( IH I ) BUGP 1 9 0
RE TURN BUGP 2 0 0
2 0  WRITE ( 6 , 7 1 8 2 )  DELTA BUGP 2 1 0
7 1 8 2  FORMAT ( 7 H 0 D E L T A =1 PE 1 4 • 7 , 3H CM) BUGP 2 2  0
RETURN BUGP 2 3 0
3 0  WRITE ( 6 , 1 9 0 )  I Y ,  Y D ( I Y ) BUGP 2 4 0
1 9 0  FORMAT ( 4 H 1 I Y = I  3 , 2 X , 3HYD = 1 P E 1 2 • 5 / / 2 X , 1 HK , 2X , 1 F L , 7 X , 3 H E T A , 1 3 X , 2HYD . BUGP 2 5 0
1 1 3 X , 2 H M U , 1 1 X, 3 H T A U  , 1 4 X , 1 H F  , 1 I X , 3 H 8 E E / / ) BUGP 2 6 0
DO 2 2  K = 1 , 1 2 BUGP 2 7 0
IF ( I Y « E 0 «  1 ) GO TO 2 3 BUGP 2  BO
W R I T E ( 6 , 1 9 1 )  ( K ,  L ,  ET A I L )  ,  Y D ( L ) , FMUC( K , L ) , T A U C ( K , L ) ,  BUGP 2 9 0
1 E M K , L > ,  B E E C ( K . L ) ,  L= 1 , I Y ) BUGP 3 0 0
1 9 1  FORMAT ( 2 1 3 , 1 P 6 E 1 5 * 5 ) BUGP 3 1 0
WRITE ( 6 , 1 9 2 ) BUGP 3 2 0
1 9 2  FORMAT ( / / ) BUGP 3 3 0
2 3  I F ( IY* EQ* NE £ )  GO TO 2 2 BUGP 3 4 0
WRITE ( 6 , 1 9 1 )  ( K ,  L ,  E T A ( L ) ,  Y D ( L ) t F N D C ( K , L  > , BUGP 3 5 0
1 T A U C ( K . L ) ,  E P ( K . L ) .  BEEC( K ,  L ) ,  L = I Y . N E S )  BUGP
2 2  WRITE ( 6 , 1 9 3 )  F M C ( K . I Y ) ,  F P C ( K . I Y ) ,  QCCP( K)  BUGP
1<5 3 FORMAT ( 5 H 0 F I M = 1 P E 1  2 * 5  * 2  X , 4 H F  I P=E1  2  * 5  .  2  X .  5  HQCCP=E1 2 •  5  ) BUGP
RETURN BUGP
AO WRITE { 6 * 1 9 5 }  I Y *  Y D ( I Y ) ,  { ( J *  L .  Y D ( L )*  BUGP
1 WMM(J * L ) * GMM{ J • L > * X L W M ( J . L ) ,  EEM( J * L ) •  BUGP
2 B E E L ( J . L ) .  L = 1 * I Y } ,  J = l , 9 >  BUGP
1 9  5 FORMAT ( 4 H 0 I Y = I 3 * 2 X« 3 H Y Y = 1 PE 1 2 • 5 / / 2 X , 1 H J , 2 X * 1 HL* 7 X , 2 H Y D , 1 2 X , 3HWMM, BUGP
1 1 2X * 3  HG MM * 1 IX* 4H XLMM * 1 3 X . 3 H E E M  * 1 3 X , 3 H 6 E E / / ( 2 I 3 . 6 E 1 6 . 5 )  )
RETURN
5 0  WRITE ( 6 . 1 9 6 )  I Y ,  Y D ( I Y ) .  ( ( J *  L»
1 WPP( J . L ) * G P P ( J . L ) .  X L P P ( J . L ) *  E E P ( J . L ) .
2  B E E L ( J . L ) * L = I Y . N E S ) »  J = l » 9 >
Y D ( L ) .
BUGP
BUGP
BUGP
BUGP
BUGP
1 9  6 FORMAT { A H C I Y = I  3 . 2 X. 3HYY = 1 P E I  2 #  5 / / 2 X . 1H J . 2 X  , 1 H L . 7 X . 2 H Y D .  1 3 X . 3HWPP. BUGP  
1 2 X . 3 H G P P . 1 1 X , 4 H X L P P . 1 3 X . 3 H E E P , 1 3 X , 3 H B E E / / ( 2 1 3 . 6 E 1 6 • 5 )  ) BUGP
RETURN BUGP
6 0  WRITE ( 6 , 1 9 8 )  I Y .  E T A ( I Y )  .  YD { I Y ) BUGP
1 9 8  FORMAT ( AH0 1 Y=I 3 , 2 X , 4HETA = 1 FEI 2 • 5 , 2 X , 3 H Y Y = E 1 2 * 5 / / 2 X * 1 H J , 5 X , 3 HQCC, BUGP
1 1 1 X. 3HFMC , 1  I X , 3 H F P C . 1 1 X • 3MQCL. 1 1 X , 3 H Q L C , 1 I X , 3 H G L L . 1 2 X , 2 H F M ,  1 2 X , BUGP
2  2 H F P ,  I I X , 3 H D G N / / )  BUGP
WRITE ( 5 , 1 9 9 )  ( J ,  O C C P ( J )  ,  F M C ( J . I Y ) ,  F P C ( J . I Y ) ,  BUGP
1 Q C L P ( J ) .  Q L C P ( J ) ,  G L L P ( J ) .  F M ( J , I Y ) , F P C J , I Y ) ,  BUGP
2 J =1 , 9 )  BUGP
1 9 9  FORMAT ( I 3 , 1 P 8 E 1 4 * 5 )  BUGP
WRITE ( 6 , 3 0 6 9 )  ( J ,  Q C C P ( J ) .  F M C ( J . I Y ) ,  F P C ( J . I Y ) ,
8 0 6 9  FORMAT ( I 3 , 1 P 3 E 1 4 . 5 )
WRITE ( 6 , 2 0 0 )  Q C C ( I Y Y ) ,  G C L ( I Y Y ) ,  Q L C ( I Y Y ) .  G L L ( I Y Y ) ,
1 D O N ( I Y Y )
2 0 0  FORMAT ( 1 H 0 * 2 X , 1 PE 1 4 * 5 . 2 8 X . 3 E 1 4 • 5 . 2 8 X , E 1 4 . 5 >
RETURN
7 0  WRITE ( 6 . 1 9 7 )  L .  E T A ( L ) ,  Y D ( L ) , ( ( J ,  N,  W N ( J . M ) .
1 F G ( J . M ) ,  G P ( J . M ) ,  F M U L ( J . L ) ,  T A U L ( J . L ) ,
2  S S M ( J . M . L ) .  G G M ( J , M , L ) ,  ET A M ( J . M . L ) ,  S B M { J . M, L ) . BUGP
3 M = l . 4 )  .  J = 1 , 9 )  BUGP
1 9 7  FORMAT ( 3H OL=I  3  . 2  X , 4 H E  T A = 1 PE 1 2* 5  , 2  X ,  3HYD=E 1 2  • 5 / / 2 X  , 1 HJ ,  2X ,  1 HM ,  7X * BUGP
J = 1 0 . 1 2 ) BUGP 
BUGP 
BUGP 
BUGP 
BUGP 
BUGP 
BUGP 
BUGP
3 6 0  
3 7 0  
33C  
3 9 0  
4 0 0  
4 1 0  
4 2 0  
43C  
4 4  n  
4 5 0  
46C  
4 7 0  
4 8 ' -  
4 9 0  
500  
5 1 0  
5 2 0  
5 3 0  
5 4 0  
5 5 0  
5 6 0  
5 7 0  
5 8 0  
5 9 0  
6 0 0  
6 1 0  
6 2 0  
6 3 0  
6 4 0  
6 5 0  
6 6 0  
6 7 C  
6 8 0  
6 9 0  
7 0 0
N>
VO(O
1 1 H N . 1 3 X . I H F , 1 3 X * 1 H G » 1  1 X »3HF MU » 1 I X*  3HT & U i 1 l X i 3 H S S  M i 1 I X . 3HGGM. 1  OX• BUGP 7 1 0
2  4 H E T A M , 1 1 X . 3 H S B M / / { 2 1 3 * RE 1 4 * 5 )  ) BUGP 7 2 0
RETURN BUGP 7 3 0
END BUGP 7 4 0
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SUBROUTINE Z H V I HV * 2 0 * Z N , ZI , ZC) Z HV ( 10
c Z HV ( 2C
c Z HV { 3 t
c * * TH I S  SUBROUTINE CALCULATES THE QUANTUM MECHANICAL CORRECTION ZHV ( 4 0
c FACTORS GIVEN A FREQUENCY ( HV)  * * Z HV ( 5 0
c ZHV ( 6 0
X = H V ZHV ( 7 0
X 2 = X* X Z HV ( 8 A
XI = X2*X Z HV ( 9C
X4 = X3*X ZHVt ICO
X5 = X4*X Z HV ( 1 1 0
X6 = X5*X ZHVC 1 2 0
X7 = X6*  X ZHVt 13 0
IF { X - 9 . 8 2 )  1 , 1 , 2 ZHVt 1 * 0
1 ZO = . 9 9 9 9 7 9 5 - • 3 1 5 5 4 8 C * X + 2 * 8 2 4 5 4 8  E - 0 2 * X 2 ZHVt 1 5 0
1 + 6 . 6 7 7 3 2 8  E - 0 3 * X 3 - 3 . 6 4 4 5 6 5  E - 0 3 + X 4 + 8 . 0 5 8 0 7 0  F - 0 4 + X 5 ZHVt 1 6 0
2 - 7 . 7 0 8 6 3 7  £ - 0 5 * X 6 + 2 . 6 6 8 1 3 3  E - 0 6 * X 7 ZHVt 1 7 0
GO TO 3 ZHVt 1 8 0
2 ZO = ( X / 9 , 8 2 ) * * 3 ZHVt 19C
3 IF ( X  - 8 . 3 5 )  4 , 4 , 5 ZHVt 2 0  O
4 ZN at 1 . 0 C 0 1 4 8 -  . 4 1 8 3 5 3 5  *X + .  1 6 8 0 3 5 9  *X 2 ZHVt 2 i r
1 - 9 . 7 7 9 4 5 S  E —0 2 *  X3 + 3 . 3 5 * 6 3 5  E —0 2 * X 4 - 5 . 6 0 9 3 5 3  E - 0 3 * X 5 ZHVt 2 2 0
2 + 4 . 5 1 5 S 3 5 E - 0 * * X 6 - 1 . 4 0 3 5 8 5  E —0 5  *X7 ZHVt 2 3 0
GO TO 6 ZHVt 2  4C
5 ZN = ( X / 8 , 3 5 ) * * 3 ZHVt 25C
6 Y =: X / 4 . 0 ZHVt 2 6 0
IF ( Y - 6 . 6 )  9 , 9 , 1 0 ZHVt 2 7 0
9 Y 2 = Y* Y ZHVt 2 8 0
Y3 = Y 2 * Y ZHVt 2 9 0
Y 4 = Y 3 *  Y ZHVt 3C0
Y5 = Y4 * Y ZHVt 3 1 0
Y6 = Y5 * Y ZHVt 32C
Y7 = Y6 * Y ZHVt 3 3 0
ZI = 1 . OCO 3 7 9 -  . 2 9 6 4 7 6 7  *Y + 7 . 5 0 5 2 4 2  E - 0 2 4 Y 2 ZHVt 3 4 0
1 - 1 . 7 0 2  9 4 8 E - 0 2 *  Y3 + 3 . 2 7 9 5 5 4  E - 0 3 * Y * - 2 . 1 2 3 4 6 9  E - 0 4 4 Y 5 ZHVt 3 5 0
N5
VO
4>
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APPENDIX C 
DETAILED RESULTS
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VITA
G u ille rm o  P e re z  was b o ra  on F e b ru a ry  1 6 , 1946 i n  M ayaguez, P u e r to  
Rico> He co m p le te d  h i s  s e c o n d a ry  e d u c a t io n  a t  U n iv e r s i ty  H igh S c h o o l, 
R io P i e d r a s ,  P u e r to  R ico  i n  May, 1962. From A u g u s t, 1962 u n t i l  May,
1967 he  a t t e n d e d  th e  U n iv e r s i t y  o f  P u e r to  R ico  a t  M ayaguez r e c e iv in g  
th e  B a c h e lo r  o f  S c ie n c e  d e g re e  i n  M e c h a n ic a l E n g in e e r in g . I n  S ep tem ber 
1967, f o l lo w in g  a  b r i e f  p e r io d  o f  em ploym ent a t  th e  P u e r to  R ico  W ater 
R eso u rces  A u th o r i t y ,  he  e n r o l l e d  i n  th e  G ra d u a te  S c h o o l o f  L o u is ia n a  
S ta t e  U n iv e r s i t y ,  and i n  J a n u a ry  1970 , he  r e c e iv e d  th e  M a s te r  o f  
S c ie n c e  d e g re e  In  M e c h a n ic a l E n g in e e r in g .  From F e b ru a ry ,  1970 u n t i l  
Ju n e  1972 Mr. P e re z  c o n t in u e d  h i s  s t u d i e s  to w ard s  th e  D o c to r o f  
P h ilo s o p h y  d e g re e  i n  C hem ica l E n g in e e r in g  a t  L .S .U . In  J u ly  h e  w ent 
to  work a s  D i r e c t o r  o f  th e  R eso u rce  M anagem ent D iv is io n  o f  P u e r to  R ic o 's  
E nv ironm ent Q u a l i ty  B oard  (EQB). W hile  w o rk in g  a t  th e  EQB Mr. P e re z  
was s u b s e q u e n t ly  named D i r e c t o r  o f  th e  W ater Q u a l i ty  B ureau  (November 
1972) and  T e c h n ic a l  A s s i s t a n t  to  th e  E x e c u tiv e  D i r e c t o r  (March 1 9 7 3 ). 
S in c e  M arch 1974 , he  h a s  b e e n  a  p a r t n e r  i n  th e  c o n s u l t in g  f i r m  o f  
Cummings, P e re z  & C o ., a  f i r m  s p e c i a l i z i n g  i n  e n v iro n m e n ta l  p la n n in g .
He in te n d s  to  c o n t in u e  w o rk in g  to w ard s  th e  d ev e lo p m en t o f  Cummings,
P e re 2 & Co.
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